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PREFACE
This work is concerned with aspects of the development 
of the central nervous system and certain endocrine organs, 
and with the phenomenon of neurosecretion in two species of 
cockroaches. These insects, Periplaneta americana L., 
the American cockroach and Blatta orientalis L., the 
oriental cockroach, are ubiquitous pests which have often 
been suspected, at least, of being disease carriers 
(Mallis, 1954). They are quite common in restaurant and 
hotel kitchens and even in houses in certain parts of the 
City of Glasgow and in this community alone the cost of 
control measures runs into several thousands of pounds 
per year. If any justification is needed for such an 
apparently academic exercise as this it,lies in the fact 
that the more that is known about any pest species the 
easier it may ultimately become to come to terms with it. 
Furthermore, the lacunae in our knowledge of the anatomy 
and development of the nervous system of cockroaches which 
this work attempts to fill should be of value not only to 
those interested in these particular insects but also to 
all students of insect anatomy and development since these 
species are 'used in zoological laboratories as the 
introductory type exemplifying insect morphology* (Imms, 
1951)* An additional advantage in using cockroaches as
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laboratory material lies, of course, in the fact that both 
species are relatively easy to rear and maintain in a 
warm room, the main disadvantage being the relatively long 
duration of each instar and total life span. In dealing 
with insects with a short life span histologists have 
tended to make observations, that is to say kill specimens 
for sectioning, at relatively short intervals of time but 
as the duration of instars increases the numbers of 
observations tend to remain constant and so the interval 
between observations increases. Thus important changes 
and cytological phenomena which occur quite rapidly can 
easily be missed. It is made abundantly clear in the 
account which follows that a refusal to be daunted by 
numbers of specimens to be sectioned leads inevitably to 
rewarding results.
This thesis, which deals with original work undertaken 
during the years 1959-1962 in the Department of Zoology of 
the University of Glasgow, has been divided for convenience 
into four chapters dealing with four aspects of the central 
nervous system and associated structures as detailed in 
each chapter heading. The final chapter, which attempts 
to group and classify the neurosecretory cells of the 
central nervous system, excluding thoracic and abdominal 
ganglia, is a response to the refusal of some
111.
neurophysiologists to recognise the fact that an 
astonishingly high proportion of all neurons may he 
concerned in endocrine secretion. It also reinforces 
Fraser's (1957) insistence that all neurosecretory 
cells of the brain should not be regarded as similar 
units, functioning synchronously and controlling a 
single physiological process but rather that the 
neuroendocrine systems of Insecta are possibly of the 
same order of complexity as those of Vertebrata.
Finally, the author has naturally been trained 
to think of cockroaches as belonging to the order 
Orthoptera but recently authorities (e.g. Richards 
& Davies, 1957) have agreed to separate cockroaches 
and mantids from locusts, crickets, etc., and place 
the former pair in a separate order Dictyoptera, 
the cockroaches belonging to a suborder Blattaria, 
family Blattidae, and the mantids belonging to a 
suborder Mantodta, family Mantidae. This new 
convention has been adopted in this thesis.
CHAPTER I
THE ANATOMY OP THE BRAIN, SYMPATHETIC NERVOUS SYSTEM 
AND RETROCEREBRAL COMPLEX IN THE COCKROACH, 
PERIPLANETA AMERICANA L. AND BLATTA ORIENTALIS L.
INTRODUCTION
The micro anatomy of the brain of Periplaneta americana 
L., has been described by Hanstrom (1928, 1940), Scharrer 
(1939), Jawlowski (1948), Drescher (I960), Neder (I960), 
Willey (1961) and others. That of Blatta orientalis L., 
has been described by PlSgel (1878), Newton (1879),
Haller (1905), Brètschneider (1914), Sanchez (1933), Neder 
(I960) and others. The earliest descriptions of what is 
now known as the stomatogastric nervous system in a 
cockroach (B. orientalis) are attributable to Newton (1879) 
and Hoffer (1887) hut these are now of little more than 
historical value. The anatomy of the stomatogastric 
nervous system (stomodeal nervous system) of cockroaches, 
and of other insects, was outlined by Snodgrass (1935,
1943) and has been treated in some detail recently by 
Drescher (I960) and Willey (1961). The retrocerebral 
complex of insects, which is intimately associated with 
the brain and stomatogastric nervous system, has been 
described by Hanstrdm (1940), Cazal (1948), Enbohm (1948), 
Drescher (I960), Harker (1960^, Willey (1961) and others.
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The observations of Nesbitt (1941) on Blaberus, of Füller 
(I960) on P. americana and of Highnam (1961) on Schistocerca, 
are useful in enabling one to resolve some problems in the 
interpretation of the anatomy of the retrocerebral complex.
Despite the large volume of previous publications on 
this subject the present work is justified on the grounds 
that such studies are essential preliminaries to the study 
of the embryonic development of the brain in cockroaches 
and to studies of neurosecretion and related phenomena.
These investigations were completed before the most recent 
workers, i.e. Drescher (I960), Pûller (I960), Harker (196^, 
Neder (I960) and Willey (1961), noted above, had published 
their results so that the author had arrived at his 
conclusions independently and, as will be seen later, 
this account now provides an opportunity to correct certain 
errors and resolve disagreements in previously published 
works on this subject.
MATERIAL. AND METHODS
Heads of twenty specimens of P. americana. last instar 
nymphs and adults of both sexes, were dissected in insect 
Ringer's solution under a binocular microscope. When the 
tissues overlying the brain and frontal ganglion had been 
removed the dissection was flooded with either methylene 
blue or Delafield's haematoxylin or 0.5 per cent iron
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haematoxylin. The stain was applied by means of a fine 
glass pipette in the vicinity of the frontal ganglion, 
brain, suboesophageal ganglion and retrocerebral complex.
In addition, serial sections of the heads of nymphs and 
adults of P. americana and B. orientalis prepared by the 
methods described in Chapter 3, were also studied to 
substantiate the results obtained by dissection.
With Delafield's haematoxylin the outer surface of the 
ganglia and the nerves stain in various shades of purple, 
the connective tissue and muscle fibres being purple to 
blàck and the tracheal epithelium purple. The presence of 
the shining linings of trachea helps one to distinguish 
these from other structures. With methylene blue the 
ganglia and the nerves stain blue and with iron haematoxylin 
blue-black.
OBSERVATIONS
Section I: The Brain
1(a) Structure of the brain of P. americana and B. orientalis
The brain of a first instar nymph is more or less oval 
in shape and fills almost the entire head capsule.
Initially there is very little space between the neural 
lamella which covers the brain and the head capsule but in 
later instars the space increases to accommodate the
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developing head muscles and connective tissues. The 
external form of the brain approximates more closely to that 
of the adult in successive instars.
The brain can be divided into three regions named the 
jgrotocerebrum, deutocerebrum and tritocerebrum. In a 
frontal section, the brain is seen to be covered with an 
outer neural lamella within which lies/^the layer formed f\ 
by perineurium cells. The brain contains cortical layers 
of nerve cells of different sizes most of which are thought 
to be association neurons (Snodgrass, 1935)• The medulla 
of the brain consists of a neuropile with nerve tracts and 
denser association centres. Glia cells, currently supposed 
to be concerned with the transfer of nutritive material to 
neurons (Wigglesworth, 1959, I960), fill the spaces between 
neurons in the cortex and are scattered in the neuropile*
1(b) The Erotocerebrum (Figure 1)
The protocerebrum is antero-dorsal and forms the 
largest part of the brain. The two rounded masses of the 
protocerebral lobes are partially separated by the median 
fissure. The two occellar nerves arise from the front 
of the mid-dorsum of the protocerebrum and go to the so- 
called femestrae at the bases of the antennae. The optic 
lobes project from either side of the protocerebrum. The
Figure 1. Diagram of the protocerebrum of P. americana 
protocerebral lobes (PL), median fissure 
(MF), ocellar nerves (ON), optic lobes 
(OPT), pons cerebralis (PC), central 
body (CB), ventral mass (VM), calcices (CX), 
peduncles (Pad), trabeculae (Tr), cauliculi 
(Cau), medulla externa (ME), medulla 
interna (MI), external chiasma (EOH), 
internal chiasma (ICh), optic nerve (OptN), 
post-retinal fibres (PRF).
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protocerebrum contains a number of important association 
centres, namely the corpora pedunculata (mushroom bodies), 
pons cerebralis, central body, ventral mass (corpus 
ventrale) and its ventral protocerebral commissural 
tract. The corpora pedunculata (CP) lie on the antero- 
dorsal side of the protocerebrum and are most conspicuous 
structures. Each CP consists of an outer and an inner 
cup or calyx filled with numerous association neurons 
known as globuli cells, a peduncle or stalk connected 
with each calyx and inserted on the inner side of the 
trabecula, a cauliculus inserted on the outer side of 
the trabecula and the trabecula itself. The trabecula 
curves inwards and in some specimens the free end of 
the trabecula of one half of brain is in direct 
contact with the free end of the trabecula of the other 
half but in most cases they are separated and the only 
connecting link is the subtrabecular-commissure 
(Drescher, I960). The cauliculus is curved. Its 
free end may sometimes almost reach the neural lamella 
of the lateral part of the protocerebrum. The two 
calices of the mushroom body lie at the outer convex 
anterior part of the cauliculus and are connected with 
the cauliculus by nerve fibres. The globuli cells 
of the CP are very poor in cytoplasm, almost the 
entire volume of the cell being occupied by the nucleus
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which is rich in chromatin material. In anterior 
sections the calices of the CP appear as half moon 
shaped structures with small glomeruli, i.e. synaptic 
junctions, in their main body and are surrounded by 
nerve fibres. The glomeruli are clearly visible after 
both silver and haematoxylin stains. The dendrites 
of the globuli cells lie in the calcies and synapse 
with nerve fibres coming from different parts of the 
brain and from the ventral nerve cord via the suboeso- 
iphageal ganglion to form these small glomeruli (Du 
Porte, 1959)• In each calyx of the CP two groups of
globuli cells can be seen and, in consequence, in the 
posterior sections when each calyx seems to have split 
up into two, one can see two groups of axons of globuli 
cells running along the inner lateral part of each 
split part of a calyx. In each half of the protocere- 
2brum the two large axon groups unite to form the 
common stalk of the mushroom body. The stalk, the 
cauliculus, and the trabecula are formed by the axons 
of the globuli cells lying in the calices. Individual 
axons within the stalk can be seen but it is difficult 
to trace single nerve fibres within the fine dense 
neuropile of the cauliculus and trabecula.
The pons cerebralis (or protocerebral bridge) is
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a transversely elongated structure lying antero-dorsal 
to the central body and posterior to the pars intercere- 
rbralis. The pons cerebralis appears to be an association 
centre since fibres enter it from various regions of the 
brain (Snodgrass, 1935)* The pars intercerebralis is 
that part of the brain, bounded by the corpora pedunculata, 
which lies between the two protocerebral lobes (Haller, 
1903). The outer part of a protocerebral lobe lateral 
to the corpus pedunculatum is called the pars lateralis. 
Most of the neurosecretory cells of the brain are found 
in the pars intercerebralis though the pars lateralis also 
contains some neurosecretory cells (see Chapters 3 and 4). 
The central body lies just above the inner end of the 
trabecula and ventral to the pons cerebralis. Fibres 
from all regions of the brain converge in the central 
body. The two protocerebral lobes are interconnected 
by the central body.
The two ventral masses (or Neben lappen of German 
authors) lie in ventro-lateral position in the proto- 
: cerebral lobes and each is connected to that of the 
other side by a transverse band of nerve fibres lying 
immediately beneath the trabeculae. These association 
centres are connected by nerve fibres with the other 
association centres as well as with the other parts of 
the brain.
I,The optic lobe (Figf^  2^  lies on the lateral side
Figure 2(a). Photomicrograph of a frontal section
of the optic lobe of an adult 
P. americana, indicating lamina 
ganglionaris (LG), medulla externa 
(LIE), medulla interna (MI), globuli 
cells (GO), position of external 
chiasma (Ech) and internal chiasma 
(Ich).
Figure 2(b). Photomicrograph of a following
frontal section of the optic lobe 
of the same specimen. Note the 
optic nerve (CPtN) and the large 
neurons (N).
M
-
Figure 2(a).
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Figure 2(b).
of the protocerehrum and consists of a lamina ganglio- 
:naris with its neuropile, the neuropile masses of 
the medulla externa and the medulla interna, an optic 
nerve, and the small globuli cells of the optic ganglion. 
There are other neurons also which are bigger and 
richer in cytoplasm than the globuli cells. There are 
two chiasmata, an external chiasma between the 
neuropile of the lamina ganglionaris and the medulla 
externa, and an internal chiasma between the medulla 
externa and the medulla interna.
In anterior sections of the brain, two large unipolar 
neurons (Fig. $a and b) can be found on the ventral side 
of the protocerebrum close to the perilemma and there is 
a group of nerve cells lying in a half circle and more or 
less encircling them but separated from them by the glia 
cells* Grlia cells are closely applied to the surface 
of these cells. The thick axons of these two cells 
penetrate the neural lamella on the ventral surface of 
the protocerebrum and emerge to form a median nerve 
called the nervus connectivus which passes forward to 
enter the postero-dorsal part of the frontal ganglion.
This, the only connecting link between the protocerebrum and 
frontal ganglion, was first named by Baldus (1924) who 
found it in a dragon fly, Aeshna. Bretschneider (1914) 
saw this structure in B. orientalis but regarded it as
Figure 3a. Photomicrograph of a frontal section of 
anterior portion of the protocerehrum, 
showing two large nervus connectivus 
neurons (H) and their tubular axons which 
form the nerve called the nervus connecti- 
:vus (NO). The nervus connectivus has 
penetrated the neural lamella of the 
protocerebrum to go to the frontal 
ganglion. îTote also the glia cells (G) 
which separate the nervus connectivus 
cells from the para connectivus neurons 
(see Figures 61 and 82). Adult 6 
P. americana killed less than 1 hour 
after moulting.
Figure 3b. Photomicrograph of a frontal section of 
the frontal ganglion, showing the 
nervus connectivus lying in the tube 
formed by an extension of the posterior 
dorsal part of the ganglion. Note also 
the nervus connectivus entering the 
neuropile of the frontal ganglion (FG). 
Same specimen as above. Lettering as 
in Figure 3a.
AFigure 3(a)•
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a connective tissue strand. It has already been 
recognised as a nerve in P. americana by Drescher 
(1950) and by Willey (1951) and the existence of this 
nerve in B. orientalis is now recorded for the first 
time. The nervus connectivus cells are more or less 
conical in shape, the narrow end pointing downwards.
The cytoplasm may appear 'spongy' after fixation, due 
to the presence of ill-defined vacuoles, and usually 
stains poorly. Two other cells (one on each side) 
resembling the nervus connectivus cells in shape, size, 
and staining properties, can be seen in the median 
pars intercerebralis, just below the dorsal perilemma 
of the protocerebrum and near the median fissure of the 
brain. Their narrower end is directed forward. One 
or two glia cells are in close contact with these cells 
also. The similarity between these and the nervus 
connectivus cells is remarkable. Both pairs lie in 
the same horizontal plane but they are separated 
widely by the neuropile of the protocerebrum. The 
second two do not appear to form a corresponding nerve. 
The functional significance of the nervus connectivus 
is unknown.
1(c) The Peutocerebrum (Figure 4-)
Below the two protocerebral lobes lie the two
Figure 4. Photomicrograph of a frontal section of
deutocerehrum of P. americana, indicating 
antennal lobes (AL), antennary nerves (AN), 
transverse commissure (TO), neurons (N), 
neuropile (NP), glomeruli (GL).
Figure 4.
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smaller antennal lobes which form the deutocerehrum. 
Arising from the antennal lobes are the antennary 
nerves. The neurons of the deutocerehrum lie towards 
the periphery, the central part consisting of the 
neuropile of the antennal lobe. The synaptic areas 
or glomeruli lie towards the periphery of the 
deutocerebral neuropile. The antennal lobes are
dorsal to the gut and are connected together by a 
transverse commissure lying above the gut and 
immediately beneath the protocerebral neuropile.
1(d) The Tritocerebrum (Figure 5)
The third and smallest part of the brain, the 
tritocerebrum, lies below the deutocerehrum, each lobe 
lying lateral to the gut. Two suboesophageal (or 
substomodeal) commissures, an anterior and a posterior 
one transversely connect the tritocerebral lobes below 
the stomodaeum. Such a connection has also been noted 
by Willey (1961). The anterior suboesophageal 
commissure is thin^ . slender and longer than the posterior 
one and can best be observed in frontal sections. The 
posterior one is thick, broad and short and lies just 
above but separated from the anterior part of the 
suboesophageal ganglion. The circum—oesophageal 
connectives arise from the posterior end of the 
tritocerebrum and run posteriorly and ventrally to the
Figure 5* Diagram of tritocerebrum of P. americana 
indicating tritocerebral lobes (TO), 
anterior suboesophageal commissure (ASC), 
posterior suboesophageal commissure (PSC), 
circum-oesophageal connective (GOG),
NGCIII, tegumentary nerves (TN), labro- 
frontal nerve (LFN), suboesophageal 
ganglion (SOG), labral nerve (LbU), frontal 
connective (FC), neurons (N), neuropile 
(Np), a portion of the deutocerehrum (DC).
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suboesophageal ganglion which they join at its anterior 
end. From the inner antero-lateral faces of each 
tritocerebral lobe there emerges a nerve which passes 
upwards to unite with the corpus cardiacum. These 
two nerves are referred to as the nervi corporis 
cardiaci III (NCCIII), (Dupont-Raabe, 1956). Another 
pair of nerves, the tegumentary nerves, arise from 
the antero-dorsal faces of the tritocerebral lobes, 
these going to the dorsal part of the head. The 
common root of the labral nerve and the frontal connective 
emerge from the anterior face of the tritocerebral lobe, 
the labial nerve going to the labrum and the frontal 
connective to the frontal ganglion. The neuropile of 
the tritocerebrum is less glomerular than that of the 
deutocerehrum.
Section II; The Suboesophageal Ganglion of P. americana 
and B. orientalis (Figure 6)
Like the brain this is also a composite ganglion.
It lies below the brain and ventral to the gut. The 
mandibles, maxillae, labium, hypopharynx and some of the 
neck muscles are innervated by the nerves arising from 
the suboesophageal ganglion. In addition to these it 
also sends a paired nerve, to be described later in 
greater detail, from its anterior end to the corpora
Figure 6. Diagram. Lateral view of the suhoesopha- 
:geal ganglion (SOG) of P. americana 
indicating mandibular nerve (MN), 
hypopharyngeal nerve (EN), maxillary 
nerve (MaxN), labial nerve (LN), NGAII, 
nerves to prothoracic glands (ITPG), 
circum-oesophageal connective (GOG), 
longitudinal commissure (LG).
H-Oq0y(D
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allata. The presence of this pair was noted by 
Engelmann (1957) in. Leucophaea and confirmed in 
P. americana by Willey (1961) who has termed them the 
nervi corporis allati II (NCAII). Their occurrence 
in B. orientalis is now recorded here for the first 
time. Another pair of slender nerves arising from 
the posterior dorsal surface of the suboesophageal 
ganglion seems to innervate the prothoracic glands.
Such a connection has also been reported by Willey 
(1961) in P. americana. The majority of the neurons 
lie in the ventral part of the ganglion but those whose 
axons form the labral tract lie in the central part 
(Willey, 1961). There are few neurons on the anterior 
and lateral sides of the ganglion. Most of the 
central space within the ganglion is occupied by the 
neuropile. Glia cells can also be observed between 
the neurons and in the neuropile.
Section III: Stomatogastric (or Stomodaeal) Nervous
System of P. americana (Figure 7)
Ill(a) Frontal ganglion and its nerves
The frontal ganglion, in both species, is more or 
less triangular in shape. It is situated towards the 
anterior end of the head, in front of the brain, and
Figure 7* Diagram of the stomatogastric nervous system 
and retrocerebral complex of P. americana. 
For explanation of symbols see text.
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lies on the dorsal side of the pharynx. Two thick 
nerves looking like horns, project from its antero­
lateral margins and curve downwards. These are the 
frontal connectives which unite the frontal ganglion 
with the tritocerebral lobes of the brain. As noted 
above they emerge from the tritocerebrum although 
according to Willey (1961) they do not originate in 
that part of the brain but only form synapses therein.
A connection between the hind part of the 
protocerebrum and the postero-dorsal part of the frontal 
ganglion is established by a delicate nerve of only 
two axons known as the nervus connectivus (1^2). The 
nervus connectivus lies in the tube formed by an 
extension of the posterior dorsal part of the frontal 
ganglion running towards the protocerebrum. The two 
large neurons of the nervus connectivus have already 
been described above. Prom the dorsal side of the 
bend of each of the thick frontal connectives a nerve 
(Nj) originates and immediately divides into two,forming 
an anterior branch (N^a) and a posterior branch (N^p).
The anterior branch forms an arch in front of the frontal 
ganglion and joins with its fellow of the opposite 
side in front of the ganglion and this united nerve 
goes forward and branches to innervate the lateral 
retractor muscles of the.labrum. It also sends fine
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branches to the clypeus. The posterior branch (N^p) 
which lies above the bend of again divides into 
two, an anterior branch (F^pl) innervating the lateral 
retractor muscles of the labrum and a posterior branch 
(E^pTI) innervating the dilator muscles of the pharynx. 
These branches are fine and great care must be taken in 
disclosing them by dissection. The presence of 
connective tissue, muscles and tracheae in close 
association with the frontal ganglion and its nerves 
makes the task of tracing these nerves most difficult. 
Two pairs of nerves arise from the anterior margin of 
the frontal ganglion, a small anterior median pair (N^) 
and two larger nerves (N^) each of which lies between 
the frontal connective and the adjacent member of the 
median pair of its own side. The small nerves 
innervate the pharyngeal muscles which lie just below 
the frontal ganglion. The larger nerves run under the 
two arches of the labroclypeal nerve and innervate the 
buccal lining and, on their way, each gives off lateral 
branches which go off to unite at intervals with the 
single anterior median labroclypeal nerve, producing a 
ladder-like appearance. A posterior pair of nerves 
(1^0) arises from the ventro-lateral side of the frontal 
ganglion. When viewed from the dorsal side they look 
small at their point of origin. However, each of these
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divides into two nerves, a short thin anterior nerve 
(N^a) which meets a trachea and bends downwards and 
disappears in the precerebral dilator muscles (No. 6 of 
Snodgrass, 1943) and a larger posterior nerve N^p (= N^ 
of Willey, 1961). The larger branch (N^p) then divides 
into a thinner (N^pl) and a thicker nerve (N^pII), the 
former certainly innervating the precerebral dilator 
muscles (No. 7 of Snodgrass, 1943) of the pharynx but 
the latter*s destination is still uncertain.
Histological examination of the frontal ganglion 
shows that there are two or three layers of cortical 
nerve cells and a medullary neuropile made up of 
interwoven nerve fibres. Trachea and tracholes 
penetrate the ganglion. There is a distinct perilemma 
around the ganglion and glia cells can be recognised 
in the neuropile.
Ill(b) The recurrent nerve
The recurrent nerve (EN) arises from the posterior 
limit of the frontal ganglion and passes beneath the 
brain and above the gut giving off small branches from 
its ventro-lateral and ventral surfaces to the tunica 
muscularis of the pharynx and the dilator muscles of the 
pharynx. It is considered by the author to extend as 
far as the posterior limit of the corpora cardiaca.
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Of the several nerves originating from the recurrent nerve, 
one pair is worth mentioning. This consists of two 
slender nerves (RNBr) arising from the ventro-lateral 
sides of the recurrent nerve. Each runs horizontally 
for some distance and then divides into two, an 
anterior branch (EKBra) which curves upwards towards 
the nervus corporis cardiacum interni (NCGI) which is 
just entering the corpus cardiacum, and a posterior 
branch (RNBrp) which bends downwards and appears to 
innervate the tunica muscular is of the pharynx. The 
anterior branch, RNBra, and the branch of the NCCI,
(NCCI, Br2) to be described later, run side by side 
anteriorly towards the brain (the last portion of the 
deutocerehrum or the anterior portion of the tritocerebrum) 
but their further course is obscured by the dilator 
muscles of the pharynx. At least two other pairs of fine 
nerves arise from the ventro-lateral sides of the 
recurrent nerve and innervate the posterior part of the 
corpora cardiaca ventrally.
In frontal sections the anterior portion of the 
recurrent nerve, which is narrow and oval, lies dorsal 
to the gut. and between the widely separate NCCI but 
subsequently it becomes slightly broader and lies 
below the corpora cardiaca. The recurrent nerve has
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a thin neural lamella overlying the perineurium which 
contains perineurium cell nuclei. These closely resemble 
and could be confused with the glia cell nuclei which 
occur close to the perineurium and dispersed among the 
nerve fibres. Neurons occur intermittently throughout 
the entire length of the recurrent nerve. The axons 
in the recurrent nerve appear to come from the frontal 
ganglion.
III(c) The hypocerebral ganglion
Towards its posterior end the recurrent nerve 
widens to become the hypocerebral ganglion (HGr). The 
anterior limit of this ganglion lies at the same level 
as the anterior limit of the corpora allata (CA). It 
lies above the gut between the two CA and extends 
posteriorly, but rarely beyond the CA. Finally it 
becomes narrow and thereafter continues as the 
oesophageal nerve (ON) which passes back along the dorsal 
surface of the oesophagus. The hypocerebral ganglion is 
considered later as a member of the retrocerebral complex.
Section TV: The Retrocerebral Complex in Cockroaches
(Figure 7)
17(a) General
Dissection shows the presence of a pair of spindle 
shaped corpora cardiaca (CC) behind the brain and in close
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association with the aorta (Ao). In freshly dissected 
specimens the CC are bluish-white in colour. Medially 
the corpora cardiaca are united. Two pairs of nerves, 
nervi corporis cardiaci intemi (NCCI) and nervi 
corporis cardiaci extemi (NCCII) which will be 
described in detail later, coming from the median and 
the lateral parts of the protocerebrum respectively, 
unite the brain and the CC. Each CC receives at its 
anterior end the NCCI and NCCII of its own side, Each 
CC receives another nerve, (NCCIII) noted earlier, 
arising from the tritocerebrum. Behind each CC and 
connected with its hind end lies a corpus allatum (CA). 
Between the two CA lies the hypocerebral ganglion as 
noted above. The two CA are themselves connected 
together by the commissure of the CA, and the CA are 
also linked by nerves to the suboesophageal ganglion, 
the NCAII (Willey, 1961).
17(b) Nervous connections and structure of the corpora 
cardiaca
I7(b)l. NCCI. The NCCI are formed by the axons of 
neurosecretory cells (NSC) of the pars intercerebralis. 
The pre-chiasmatic NCCI has two distinct roots, an 
inner coming from the NSC closest to the median groove 
and an outer which travels for a short distance over 
the antero-dorsal surface of the protocerebral neuropile
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Axons in each of these roots contain neurosecretory 
granules (see Chapter 3). There is no evidence of a 
contribution of nerve fibres to the pre-chiasmatic 
NCCI from the neuropile of the protocerebrum as claimed 
by Willey (1961). The two NCCI cross in the median 
dorsal region of the protocerebrum (see Chapter 3) and 
each continues its course in the opposite half of the 
brain to that of its origin. They then become straight 
and run posteriorly, parallel to one another, passing 
between the trabeculae. Beyond the trabeculae they 
diverge and turn downwards to emerge from the postero- 
ventral faces of the protocerebrum after piercing the 
neural lamella of this region. Willey (1961) has 
suggested that only half of the fibres of the NCCI cross 
to the other side of the brain but the author agrees 
with the observation of Highnam (1961), on Schistocerca, 
that most of the fibres do cross over. It should be 
noted that all the axons of the pre-chiasmatic or post- 
chiasmatic NCCI do not possess neurosecretory material. 
For this there are two possible explanations, either 
that NS cells do not all discharge NS material at the 
same time or that some of the axons in the NCCI belong 
to neurons of the pars intercerebralis, which are not 
neurosecretory. Only the latter explanation is
Figure 8. Photomicrograph showing the common origin 
of three branches (Brl,2,3) of NCCI.
The NCCII can also be seen.
Figure 9* Photomicrograph of the section following that 
in Figure 8. In this Brl has disappeared 
but Br2 and Br3 can still be seen. Br5 is 
clearer in this section than in the preceding 
one. Note also the NCCII.
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supported by Stumzollinger (1957), Johansson (1958) 
and Highnam (1961) although it is quite reasonable 
to suppose that both are true.
Just prior to its point of junction with the CC 
each NCCI gives off three nerves which have not 
previously been described (Figs 8 and 9). The first, 
a thick nerve (NCCI:Brl), appears to innervate the 
wall of the aorta. The second, also a thick nerve 
(NCCI:Br2), goes towards the anterior end of the 
last portion of the deutocerehrum (or the anterior 
postion of the tritocerebrum) but its further course 
is obscured by the sudden appearance of dilator 
muscles of the pharynx lying above it and by a trachea 
lying anterior to it. These two nerves arise from 
the same point on the NCCI, by piercing the perilemma 
of the NCCI and present a bifurcated appearance at 
the point of their origin. Their nerve fibres are 
continuous with those of the NCCI. - A third nerve 
(NCCI:Br3) which is very thin also arises from the 
NCCI. It lies ventral to the Br2 nerve and its 
thin finger-like branches penetrate the anterior inner 
perilemma of that part of the brain which lies 
antero-lateral to the gut.
IV(b)2. NCCII. The NCCII are formed by the axons of
Figure 10. Photomicrograph of a section through the 
anterior part of the corpus cardium (00) 
of a freshly moulted nymph of 
P. americana, showing the crossing of nerve 
fibres of the NCCI and NCCII at the point 
of their entry into the corpus cardiacum.
CC
NCC
NCCI
Figure 10.
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neurosecretory cells lying in the pars lateralis beyond 
the corpora pedunculata. Each is thinner than its 
neighbouring NCCI and, unlike the latter, it does not 
cross over its partner of the opposite side in the 
brain (see Chapter 3). After making a direct exit 
from the lateral side of the protocerebrum, each NCCII 
lies lateral to its adjacent NCCI and at an angle to 
it. The presence of trachea and muscles and the fact 
that the NCCII is not a very thick nerve may sometimes 
make the tracing of this nerve as far as the CC 
difficult. However, the NCCII as well as the NCCI 
undoubtedly penetrate the anterior limit of the CC. 
Extensive crossing of fibres of the NCCI and NCCII 
seems to take place just after their penetration of 
these organs (Fig. 10). These nerves branch and , 
re-branch in the peripheral and also in the central 
region of the CC and it becomes difficult to 
distinguish which axons belong to the NCCI and 
which to the NCCII.
IV(b)3. NCCIII. A pair of nerves originating in the 
two tritocerebral lobes and innervating the corpora 
cardiaca are known in Cicadidae (Pflugfelder, 1937), 
Phasmatodea (Nyst, 1942), Carausius (Dupont-Haabe,
1956) and P. americana (Drescher, I960; Willey, 1961).
Figure 11. Pîiotomicrograph, showing the ITGOIII and its 
two branches NCCIII:Brl and Br2. Note 
also the corpus cardiacum (CC)*
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These were named by Dupont-Raabe as the NCCIII and 
they have now been located in B. orientalis also.
The NCCIII are about the same thickness as the 
NCCII. The NCCIII arise from the anterior inner 
lateral surfaces of the tritocerebrum and run up towards 
the CC in a zigzag path, passing between muscle blocks 
on their way, and giving off nerve branches which go 
to the dilator muscles of the pharynx. Each NCCIII 
finally enters the anterior intra-aortal portion of 
its corresponding CC at its dorso-lateral surface.
A short distance before it enters the CC, the NCCIII 
bifurcates, one bundle of nerve fibres (NCCIII:Brl) 
entering the CC while the other (NCCIII:Br2) passes 
over the dorsal surface of its neighbouring CC and 
then over that of the CC of the opposite side, to 
enter the latter (Fig. 11). The two Br2 nerves are 
incorporated in the dorsal commissure which unites 
the two CC and forms a landmark between the intra-aortal 
and extra-aortal portion of the CC. The axons of 
the NCCIII branch and re-branch in the CC. The 
cellular elements giving rise to NCCIII have not been 
located so far. The NCCIII occur in P. americana 
and B. orientalis. They have also been observed in
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late embryos of P. americana (see Chapter 2).
I7(b)4. Structure of the corpora cardiaca. The anterior 
parts of the two CC are separate but are in contact with 
the dorsal aorta which is attached to the dorsal 
surfaces of the CC. The lumen of the aorta is wide 
at this level. Subsequently, the CC converge until 
they are in contact with each other but the boundary 
of each CC remains distinct. The anterior parts of 
the two CC which are incorporated in the ventro-lateral 
walls of the aorta (Figs 12 and 13), may have convolu- 
:ted surfaces. The posterior parts of the CC are not 
in direct contact with the dorsal aorta but are linked 
to it and to each other by the dorsal commissure.
These extra aortal parts of the glands have relatively 
smooth surfaces. There are fewer cells in the extra- 
aortal part of a CC than in the intra-aortal part.
Both parts are richly supplied with the endings of the 
three NCC.
The pericardial cells lie closely applied to the 
dorsal and dorso-lateral parts of the aorta. The 
lower lateral ends of the pericardial cells are in 
contact with the lateral part of the aorta which is in 
its turn in direct contact with the anterior parts of
Figure 12. Photomicrograph of a section through the
anterior region (intra-aortal part) of the 
corpora cardiaca (CO) of a freshly moulted 
nymph of B. orientalis (chrome haematoxylin 
phloxin staining). Note numerous peripheral 
CH*^  granules, a few such granules are also 
present in the central part of the CC.
EN, recurrent nerve; Ao, aorta; NCCIII 
should also be noted.
Figure 15- Photomicrograph of a section through the 
anterior region (intra-aortal part) of 
the corpora cardiaca (CC) of an adult male, 
P. americana, killed one hour after last 
moult. Lettering as in Figure 12.
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the CC as mentioned above. The CC are richly supplied 
with tracheae and tracheoles. According to Fayar 
(195^) the CC of Locusta are syncytial and have two 
sizes of nuclei, the smaller corresponding to the 
chromophobe cells and the larger to the chromophil 
cells of Cazal (1948). But the CC of P. americana, 
and B. orientalis are not true syncytial structures 
since the cell boundaries of at least some of the larger 
cells are clearly visible. The cell boundaries of the 
larger cells of the CC are better distinguished after 
chromealum-haematoxylin-phloxin (CEP) staining than 
after the paraldehyde fuchsin-G-roat * s haematoxylin 
indigo carmine (PF) staining procedure. The fine 
granular cytoplasm of these cells of the CC stains 
pink after CHP staining, the chromatin of the nuclei 
blue-black and the nucleoli the intense red of the 
counterstain phloxin. These larger cells, which are 
characterised by the possession of a moderate amount 
of cytoplasm and a large nucleus, are more abundant 
in the intra-aortal than in the extra-aortal part of 
the gland. At least four other types of cell nuclei 
can be recognised in the CC: (a) the smaller
chromophobe cell nuclei which are only slightly 
smaller than those of the chromophil cells and which 
have more chromatin than the chromophil cell nuclei
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and are usually regarded as glia nuclei. This seems 
to be improbable since smaller more intensely stained 
glia nuclei can also be identified which are quite 
distinct from chromophobe cell nuclei; (b) elongated 
peripheral perineurium cell nuclei; (c) nuclei of the 
glia cells lying in between the other cells of the CC 
and also associated with the nerve fibres of FOG within 
the CC; and (d) the thin elongated tracheal nuclei 
associated v/ith tracheae and tracheoles.
It is still not established whether the large CC 
cells are innervated by the axons of the FGC or not 
(Van der Kloot, I960). However, a close examination 
reveals the presence at the periphery of some of the 
large cells of the CC of thin structures which assume the 
same colouration as neurosecretory material after 
appropriate staining. These structures resemble 
the intercellular nerve endings of the FGC containing 
neurosecretory material in other parts of the CC and 
may therefore be the terminations of axons of the FGC 
innervating at least some of the larger cells of the 
CC but it is equally possible that they are fine 
tracheoles since, unfortunately, tracheoles may also 
stain with CHP and PF stains. Thus, unless we 
discover a staining method which stains only the 
neurosecretory material and not the trachea or tracheoles
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we cannot say v/ith absolute certainty whether the CC 
cells are being innervated by the axons of the FCC or 
not. Engelmann (1957) has reported that the ventral 
surfaces of the posterior regions of the two CC are 
linked by nerve fibres but this does net occur in the 
two species considered here. The posterior part 
of each CC eventually bifurcates. The outer half, 
which contains abundant nerve fibres forms the nervus 
corporis allatum I (FCAI of Willey, 1961) and the 
inner half, which also contains nerve fibres, becomes 
the nervus cardiostomatogastricus (FCS) of Weber (1952) 
and Willey. According to Willey the FCS enter the HG 
separately but in fact they run backwards to unite 
with the RH, just before it enters the HG. Prior to 
the point of junction each FCS sends axons across the 
dorsal surface of the RF to its partner and so a 
transverse commissure is formed. After receiving 
the extra nerve fibres the RF becomes much broader 
and looks in transverse sections (Fig. 14), like a 
mushroom with a central stem containing its own 
original nerve fibres (coming from the frontal 
ganglion) and the dorsal and expanded lateral parts 
containing mostly fibres from the FCS. Posteriorly 
the stem disappears, and the nerve fibres of the RF 
and the FCS become intermingled and the classical
Figure 14. Photomicrograph, indicating the recurrent 
nerve fibres (EIT) and the nerve fibres of 
nervicardiostomatogatrici (NCS)
B. orientalis nymph freshly moulted, chrome- 
:haematoxylin phloxin stain. Note the 
peripheral granules in the NCS.
Figure 15* Photomicrograph showing the hypocerebral 
ganglion (HG), nervi corporis allati I 
(NCAI), and the anterior part of the 
corpus allatum (CA) which has appeared in 
this section. Note the granules at the 
periphery of the hypocerebral ganglion.
fit h NCS
Figure 14.
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hypocerebral ganglion is formed (Pig- 15)» sl broad 
structure lying above the gut and between the two 
CA (Cazal, 1948). In sections the HG appears convex 
on the dorsal surface and slightly convex or almost 
flat, on its ventral surface. Closely associated 
with it, ventrally, are one or two tracheae.
Those axons which intermingle with the RN fibres 
do not contain neurosecretory material but in some 
specimens, especially in newly moulted nymphs and 
adults, neurosecretory material can be seen lying, 
peripherally, on the dorsal, lateral and even ventral 
parts of the HG. This neurosecretory material actually 
occurs in axons contributed to the peripheral parts of
the HG by the NCS. In the central part of the HG
there are a few neurons and glia cells which are
scattered among the nerve fibres. Several nerves are
given off from the ventral and ventro-lateral part 
of the HG. These go to the tunica muscularis of the 
pharynx. A fine pair of nerves connects the HG 
with the NCAI, and another very fine pair of nerves 
arising from the ventro-lateral surface of the HG 
innervates the commissure which unites the two CA 
together. The dorsal aorta lies very close to the 
dorsal surface of the HG but posteriorly the former
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separates from the latter. Although no definite nerve 
from the HG to the aorta could be seen, in a few 
sections when the EG and the dorsal aorta are in 
contact, a few fine nerve fibres from the HG appear 
to innervate the ventral v/all of the aorta.
Finally, the EG becomes narrow at its posterior 
end and should now be called the oesophageal nerve (ON). 
At its anterior end the ON also occasionally contains 
peripheral neurosecretory material in axons contributed 
by the NCS.
IV(b)5* The dorsal commissure of the corpora cardiaca. 
(Figures 16-17)» The dorsal commissure of the CC 
contains nerve fibres from the NCCIII. In the 
posterior region this commissure becomes thicker and 
is closely applied to the dorsal surface of the CC, 
separating the posterior region of the CC from the 
aorta. It is in intimate contact with the lateral 
and ventral wall of the aorta, the dorsal commissure 
forming the latero-ventral part of the aorta. Contrary 
to a recent assertion by Willey (1961) the dorsal 
commissure of the CC of P. americana (and that of 
B. orientalis is not asymmetrical. From the lateral 
side of the commissure several nerve fibres emerge to
innervate the dilator muscles of the pharynx. Some
Figuré 16. Photomicrograph showing the dorsal
commissure (DC), posterior part of the 
corpora cardiaca (CC), recurrent nerve (EN), 
and the oesophagus (DES). Note that the 
ventral part of the dorsal aorta (Ao) is 
in close contact with the dorsal commissure 
of the corpora cardiaca. P. americana 
embryo 42-day-old, paraldehyde fuchsin,
Groat•8 haematoxylin and indigo carmine 
stain.
Figure 1?. Photomicrograph showing the dorsal
commissure which has already separated 
from the dorsal aorta. Note that the 
dorsal commissure is symmetrical.
B. orientalis nymph freshly moulted, 
chrome haematoxylin phloxin stain.
* Lettering as in Figure 16.
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of these fibres also innervate the tunica muscularis 
of the pharynx. An anterior and a posterior pair of 
nerves are given off from the anterior and posterior 
regions of the dorsal commissure respectively and 
enter the wall of the aorta. These are the anterior 
and the posterior nervi aortici (Willey, 1961).
They occur in B. orientalis as well as in P. americana. 
Connection between the dorsal aorta and the dorsal 
commissure of the CC is further established by the 
fine tubular branches arising from the ventral wall 
of the aorta and penetrating the dorsal commissure 
lying just below the aorta. These connections, 
described here for the first time, appear to be 
muscular and not nervous. In B. orientalis a part 
of the dorsal commissure is also attached to the CC 
at their posterior ventro-lateral surface but this 
commissure does not extend throughout the entire 
ventral surface as in Blaberus (Willey, 1961). In 
sections through the posterior part of the CC, the 
dorsal commissure is slightly separated from the 
dorsal surface of the CC and also begins to lose its 
connection with the ventral surface of the aorta.
At this point the dorsal commissure looks like a 
*wing* (Y7illey, 1961). Eventually the dorsal 
commissure separates from the aortal wall and the
lateral part of the aorta is connected with two large 
lateral tracheae only. Two other large tracheae, 
lying above the aorta, were also noted. In posterior 
sections the dorsal commissure eventually disappears 
and the two CC are now no longer connected to each 
other. Nerve fibres, glia cells and haemocytes were
observed in the dorsal commissure.
17(c) Nervous connections and structure of the corpora 
allata
IV(c)l. Nervous connections. The nervi corporis 
allati I (NCAI) arise from the posterior ends of the 
CC and enter the CA at their anterior end. The axons
of these nerves branch repeatedly inside the CA,
intercellularly and thereafter they become difficult to 
trace. The two CA are themselves connected together 
by the allatal commissure (CCA of Willey, 1961)
(Fig. 18) to which axons are contributed by both CA.
The CCA emerges out from that portion of the CA which 
faces the HG and lies just above the gut and very close 
to the ventral surface of the HG. A close and 
careful examination reveals the fact that the CCA has 
its own sheath and though it lies in close contact with 
the ventral surface of the HG, it is not united with 
it except at two points where the CCA is joined to
CCA HG
CA
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the HG by a pair of fine nerves. The allatal 
commissure occurs in both species of cockroaches 
studied. Its presence in P. americana has been 
confirmed by Willey (1961) and is here reported for 
the first time in B. orientalis. The CA are connected 
to the anterior end of the suboesophageal ganglion 
by two long nerves which, in agreement with Willey 
(1961), will be called the NCAII (Pig. 19). The 
NCAI and NCAII meet at their point of junction with 
the CA. Prior to junction with the CA each NCAII 
gives off a branch which probably goes to the anterior 
end of the prothoracic glands, as claimed by Willey 
(1961). Haemocytes, as well as glia cells, are 
sometimes found between the axons of the NCAII. The 
course of each NCAII is direct in the vicinity of the 
CA but posterior to the CA it takes an indirect course 
to avoid muscle strands in its path. It is probable 
that NCAII receives nerve fibres from the posterior part
of the CC via the NCAI (Harker, 196<p as well as from, 0^
the suboesophageal ganglion, the latter source being 
reported by Engelmann (1957), and Willey (1961).
The NCAII branch and re-branch inside the CA. A thin 
bundle of axons may be seen right in the centre of the 
CA. These emerge from the CA to form the allatal
Figure 19. Photomicrograph of a section through 
the corpus allatum (CA) of newly 
moulted nymph of B. orientalis showing 
nervus corporis allatum II (NCAII). 
Note also the hypocerebral ganglion 
(HG). Chrome haematoxylin phloxin 
stain.
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commissure described above. It seems probable that 
fibres of the NCAI and NCAII cross over to the opposite 
CA via the CCA. Neurosecretory material was observed 
in the NCAI, NCAII, in the branch of the NCAII which 
goes to the prothoracic glands, and in the CCA.
Besides these nerves, another thin nerve arises 
from the ventral side of the posterior part of each 
CA and becomes lost in the outer muscles of the 
pharynx. The two CA, the NCAI, the NCAII and its 
branches, are asymmetrical both in P. americana and 
B. orientalis.
IY(c)2. The structure of the CA. The cell boundaries 
of the CA can be observed more easily after CHP 
staining than after the PF staining procedure (Chapter 
5). The outer cells of a CA are very close to the 
thin periphery of the gland. At least two types of 
cells occur, namely smaller cells with small amounts 
of cytoplasm and small round nuclei, and larger cells 
with relatively large amounts of cytoplasm and larger 
nuclei. Phloxinophilic nucleoli are common in both 
types of cell nuclei whereas in those of the CC 
cells these are rare. Interaxonal glia cells and 
peripheral perineurium cells can also be distinguished.
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DISCUSSION
The foregoing account of the microanatomy of the 
brain and suboesophageal ganglion is similar to 
that given by earlier authorities and it contains 
no fundamental disagreements with their observations.
On the other hand, the description of the nerves of 
frontal ganglion, which is believed to be the most 
detailed yet produced, differs from previously 
published observations in a number of details. For 
nerve pair N^ the author has accepted Willey’s (1961), 
name ’connectivi frontales’ or frontal connectives.
These are the ’nervi frontales’ of Drescher (I960).
All three are agreed on the origin and location of the 
nervus connectivus, N2* N^ and its branches are not 
mentioned by Drescher, but these are dealt with fully 
and accurately by Willey (1961) in P. americana, and 
his description agrees with that of the author who has 
confirmed that the branches N^A and N^PI innervate the 
lateral retractor muscles of the labrum and that 
branch N^PII innervates the precerebral dilator muscles 
of the pharynx. N^ which innervates the tunica 
muscularis of the pharynx is described by the author and 
by Willey but is not mentioned by Drescher (I960).
These are very fine nerves which can easily be missed 
in dissections but can be traced more readily in serial
sections.
Again the author and Willey are in agreement that 
the former’s Ng innervates the buccal lining and 
sends branches to the labroclypeal nerve. Drescher 
is mistaken in describing this simply as a labral motor 
nerve.
Finally, which arises from the ventro-lateral 
side of the frontal ganglion is described by Willey as 
coming from the posterior part.of the ganglion and 
figured by Drescher as coming from the mid-lateral 
side of the ganglion. Willey says that this nerve 
appears to innervate the tunica muscularis of the 
pharynx but the writer, who was the first to trace the 
branches of this nerve (in both dissected specimens 
and histological preparations), is certain that these 
innervate the precerebral dilator muscles of the 
pharynx. The arrangement of the nerves of the 
frontal ganglion is essentially the same in B. orientalis 
as in P. americana.
The precise location of the HG has in the past 
caused some difficulty. Cazal (1948) said that the HG 
in B. orientals, is a distinct swollen structure 
situated between the RN and the oesophageal nerve and 
lying between the two CA and containing a few scattered 
nerve cells. He further noted that the RN also
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contains a few scattered nerve cells although he did not 
note the fact, that there are more nerve cells in the 
HG than in the EH; This description of the position 
of the HG agrees with that of Nesbitt (1941) who saw 
this ganglion in Blaberus as a broad flat structure 
behind the CO. Drescher (I960) ignored the existence 
of the HG but Willey (1961) said that in P. americana, 
it is represented by a diffuse linear arrangement of 
small nerve cells in the EN extending from the level 
of the anterior dorsal commissure of the CC to a point 
beyond the commissure of the CA. In none of his figures 
has he shown the HG as a really distinct localised swelling. 
The ganglion as described by Willey lies anterior and 
posterior to the junction of the nervi cardiostomato- 
gastrici. As an added complication he labels 
structures, in his figures 18 to 22, as the EN which 
according to his description belong to the HG.
Since nerve cells occur intermittently throughout 
the entire length of the EN it is obvious that these 
cannot be used as markers of the HG. It therefore 
seems sensible to consider that this ganglion is formed 
by the junction of the EN and NOS. Beyond this point 
it is a broad definite structure in both species of
cockroaches as described by Nesbitt, and Cazal, and asà.figured by Füller (i960), and Harker (I960) in 
P. americana.
After giving off nerves to the tunica muscularis 
of the pharynx, to the NCAI^ and to the commissure 
of the CA, the EG narrows just behind the posterior limit 
of the CA and at this point it gives off the oesophageal 
nerve. This point of origin of the oesophageal nerve 
may be considered as the posterior limit of the EG.
Regarding the nervous connections of the GC three 
branches of NCCI have been recorded here for the first 
time. Contrary to the accepted definitions of NCCII, 
as nerves formed by the axons of lateral neurosecretory 
cells, Willey has suggested that the NCCII of 
P. americana have two roots, the one in posterior 
median neurosecretory cells of the pars intercerebralis 
(his group 4") and the other in neurosecretory cells 
lying 'just posterior and ventral to the posterior 
calyx of the corpus pedunculatum*. Ee has since made 
it clear that the latter are located in the pars lateralis 
(personal communication). The axons of the neuroscretory 
cells in the posterior median location (see Chapter 4) 
do not in fact join with those of the lateral 
neurosecretory cells in either P. americana or 
B. orientalis* and the idea of a dual origin of the
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NCCII must he rejected.
According to Willey (1961) the dorsal commissure 
of the CC of P. americana are highly asymmetrical and 
he assumes that such asymmetry in this structure is 
characteristic of cockroaches, but this is not so in 
that species or in B. orientalis. It is clear from the 
photomicrograph used by Willey to illustrate this point 
that the section was oblique. However, Willey is 
correct in describing the CA, NCAI, NOAII and its branch 
as asymmetrical.
Willey claims that the CO of Blaberus have a 
convoluted surface 'when viewed in histological 
preparations* while those of Periplaneta possess a 
relatively smooth surface. Unfortunately, his figure 
18 represents a section through the posterior or extra- 
aortal part of the CC of Periplaneta while his figure 19 
shows a section through the anterior or intra-aortal 
part of a CO of Blaberus. So the two sections which 
he selects to illustrate his points are not comparable. 
The anterior intra-aortal portions of the 00 of both 
P. americana and B. orientalis are in fact convoluted 
or grooved to a degree which varies from individual 
to individual and depends on the amount of neurosecretory 
material present in the gland at a given time. In 
contrast the posterior extra-aortal part is usually
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smooth. Although the author has not studied actual 
sections of the CO of Blaberus he has compared Willey's 
figure 19 with a section of the same region of the 00 
of Periplaneta and has found no significant difference 
in the degree of convolution of the CO of these two 
species.
Although the question of neurosecretion is dealt 
with fully in later chapters, the question of the 
occurrence of neurosecretory material in the HG and 
oesophageal nerve must be dealt with now since it 
involves the interpretation of anatomical details. The 
occurrence of peripheral neurosecretory granules in the 
EG and in the proximal part of the oesophageal nerve 
of cockroaches was reported by Puller (I960). He 
was unable to explain why this neurosecretory material 
did not occur all along the oesophageal nerve. It 
has now been established, in both species investigated, 
that while some axons of the nervi cardiostomatogastrici 
lacking secretory granules intermingle with the axons 
of the RN in the neuropile of the HG, other axons of the 
nervi cardiostomatogastrici, containing neurosecretory 
material do not. The latter terminate close to the 
surface of the HG so that in sections of the posterior 
half of the EG abundant neurosecretory granules can be
found, at certain times, e.g. in freshly moulted nymphs 
and adults, at the periphery of the HG. These HCS 
(which really belong to the neurosecretory cells of 
the protocerebrum) do not all terminate in the HG some 
extending beyond the posterior limit of the HG to 
terminate close to the dorso-lateral surfaces of the 
oesophageal nerve. The last mentioned terminations 
account for the presence of neurosecretory material 
in the proximal part of the oesophageal nerve.
CHAPTER 2
EilBRYONIC DEVELCPlîEHT OF BRAIN OF 
PERIPLANETA AilBRICANA L.
INTRODUCTION
Although the embryonic development of orthopteran 
(old classification) insects has been extensively 
studied, the development of the brain and brain centres 
has not received a great deal of attention. Most 
of the work on the development of the brain has been 
incidental to other embryologieal studies (e.g.
Uheeler, 1893; Heymons, 1895 aud Roonwal, 1936, 1937)*
The large actively-dividing cells in the 
embryonic brain are commonly referred to as 
'neuroblasts*, a term originally used by V/hitman (1878, 
1887) to designate the two cells derived from the 
posterior macromere of Glepsine eggs which gave rise 
by process of budding to two rows of cells, the 
neural rows from which the nerve-cord is ultimately 
formed. His (1889), in turn used the term 'neuroblast * 
for the products of the 'Keimzellen* which gave rise 
to ganglion cells, but V/heeler (1893) pointed out 
that His should have used the term for the Keimzellen 
and not for their products.
\7heeler (1893) in his work on the neurogenesis of
Xiphidium, described two types of cells in the developing 
central nervous system, large pale cells with spherical 
nuclei and, lying above these, smaller darkly stained 
cells with oval nuclei. The former he called neuro- 
:blasts because they give rise to the central nervous 
system. He designated the latter dermatoblasts because 
they give rise to the dermatogenic cells which go to 
form integumental structures.
Neuroblasts and dermatoblasts are both ectodermal 
in origin. Since then, neuroblasts and dermatoblasts 
have been recognised in many insect species. In 1891 
Wheeler stated correctly that the small cells produced 
by unequal division of neuroblasts divide to form 
ganglion cells although in 1893 he revised his opinion 
and stated that the immediate products of the neuro- 
:blasts are directly transformed into ganglion cells 
without further division. Since then some investigators, 
notably Bauer (1904), Nelson (1915), Poulson (1950) 
and Panov (1957) have supported Wheeler's (1891) 
earlier opinion while others, notably Eastham (1930),
Baden (1937) and Johannsen & Butt (1941) have supported 
Wheeler's (1893) later notion that the small cells 
budded off from neuroblasts undergo no further 
division but are directly converted into ganglion cells.
There has been a notable•difference of opinion as 
to whether neuroblasts take part in the formation of 
the optic lobes as they do in the formation of 
other parts of the brain.
yiallanes (1890) first assumed that there were
no neuroblasts in the optic lobe of Mantis but later
he observed gangliogenes, i.e. neuroblasts, in the
lamina ganglionaris of the optic lobe. However, he
failed to see the neuroblasts in the intraganglionic
thickening which were subsequently discovered by Bauer
(1904). According to ITheeler (1893) the embryonic
cells of the optic lobe of Xiphidium resemble the
neuroblasts in their poor affinity for stains but
differ from them in that they are elongate whereas
neuroblasts are round. Heymons (1895) in his account
of the development of Porficula said that there are
large cells in the optic ganglion of the embryo which
resemble neuroblasts, but which, in fact, are not;
while Johannsen & Butt (1941) and Richards & Davies
(1957) stated that the optic lobe of the orthopteran
insects is formed from ectodermal cells by delamination 
and that neuroblasts do not take part in its formation.
Finally, Roonwal (1937) and Baden (1937) believed
that neuroblasts do not occur at any stage in the
optic lobes of either Locusta or Melanoplus, respectively
According to them the cells of the optic lobe which 
divide and form this part of the brain are different 
at all embryonic stages from neuroblasts, and this 
type of cell is not found at any time in any other 
part of the brain.
The intraganglionic thickening which lies between 
the first and second protocerebral lobes has been 
described in embryos of Mantis by Viallanes (1890), 
and in those of Xiphidium by Wheeler (1893). According 
to them it separates from the integument completely at 
a certain stage of embryonic development and forms a 
deeply staining mass between the first and second 
protocerebral lobes. They believed that it migrates 
deep into the brain, disappearing for a time but 
reappearing later to become lodged between the 
medulla externa and the medulla interna of each optic 
lobe. They also held that at a still later stage the 
intraganglionic thickening atrophies.
Baden (1937) did not agree with this supposed 
disappearance and reappearance of this structure.
He also questioned the mechanism by which such a large 
structure could migrate deep into the brain and 
decided that the term intraganglionic thickening should 
not be applied to the hypodermal incurving between the
first and second protocerebral lobes of his 'stage seven' 
embryo of Melanoplus. He thought that this was simply 
a hypodermal indentation which disappears as the 
processes of cephalic fusion advance, and that it has 
no connection whatsoever with the structure which 
appears intraganglionically at his 'stage thirteen' 
deep in the brain between the medulla externa and the 
medulla interna. It fell to Bauer (1904) to state 
with certainty that the lamina ganglionaris and the 
intraganglionic thickening are the first and the second 
formation centres, respectively, of the optic ganglion 
of insects. Strindberg (1913) found neuroblasts at 
the base of the intraganglionic thickening as well as 
those within that formation centre described by Bauer, 
but Baden (1937) could not find these in Melanoplus. 
Strindberg also believed that there is a second intra- 
:ganglionic thickening betv/een the second and third 
protocerebral lobes.
Regarding the neuropile masses of the optic lobe 
Roonwal (1937) briefly described the neuropile of the 
lamina ganglionaris, the medulla externa, the medulla 
interna, external and internal chiasmata, the post- 
retinal fibres and the optic nerve in the embryonic 
optic ganglion of Locusta and confirmed the earlier
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work of Yiallanes (1891) on Mantis, but Baden (1937), 
(who examined the embryologieal development of the 
central nervous system of Melanoplus only as far as the 
completion of blastokinesis, omitting the development of 
the association centres) cast doubt on the terms used 
by Yiallanes such as medullary masses, optic nerve of 
the optic ganglion, etc.; and, failing to find either 
the external or the internal chiasmata or an internal 
medullary mass (medulla interna) doubted their very 
existence in the embryo. However, Bauer's (1904) 
observations also supported those of Yiallanes.
There is again disagreement among the earlier 
workers about the origin of perineurium cells, the 
neural lamella, and glia cells. For example, six 
possible sources of perineurium cells have been 
suggested, three postulating an ectodermal origin and 
three a mesodermal origin. Heymons (1895) thought 
that the outer neurilemma, i.e. neural lamella plus 
perineurium, is derived in Forficula from those 
dermatogenic cells which are left in the periphery of 
the brain after the separation of the main mass of 
dermatogenic cells from the brain cells. But 
according to Strindberg (1913) this is definitely not 
true in Eutermes. Formica and Chrysomela. in which the
outer neurilemma is formed v/hen the ganglion has already- 
separated from the hypodermis and so the former could 
not possibly be derived from the latter. Nusbaum 
(1883), V/heeler (1895) and Tiegs & Murry (1938) all 
daid that it arises from the intraganglionic sections 
of the median cord but Baden (1937) rejected this 
hypothesis. Two possibilities were suggested by 
Nelson (1915) who studied the development of Apis.
The first was that the outer neurilemma was derived 
from the dermatoblasts or dermatogenic cells as suggested 
by Heymons (1895), and the second and, he thought, more 
probable was that outer ganglion cells were transformed 
into the cells of outer neurilemma.
Strindberg (1913), Eastham (1930), in Pieris. 
and Roonwal (1937) also held that the outer neurilemma 
arises from the outer ganglion cells which are the 
outermost products of the neuroblasts. The fourth 
possibility was suggested by Baden (1937) who reported 
in Melanoplus that "the external neurilemma can be 
traced to coelom sacs and therefore seems to be 
mesodermal". According to Pflugfelder (personal 
communication) the perineurium cells which form the 
inner layer of the outer neurilemma arise from the 
neural rudiments of the mesenchyme, that is to say that 
perineurium is ectomesenchymal in origin. Finally,
Korotneff (1885) held that the outer neurilemma arises 
from the wandering blood cells which enter the developing 
nervous system, thus implying like Baden (1937) snd 
like Pflugfelder that it is mesodermal in origin.
All the earlier workers to whom reference has been 
made in this context have treated the neural lamella and 
the perineurium jointly as a single structure, the 
outer neurilemma, but more recently these have been 
considered separately and the question of the origin of 
the neural lamella has now arisen. Scharrer (1939), 
and Wigglesworth (195^) have suggested that the neural 
lamella is secreted by the underlying perineurium cells, 
but Wigglesworth (1956) indicated the possibility that 
haemocytes also contribute to the formation of the 
neural lamella.
The neural lamella stains with dyes which stain 
the connective tissue of the vertebrates, one of the 
facts which led Scharrer (1939) to believe that the 
perineurium cells which produce it represent connective 
tissue elements (see below).
&However, Pipa (1961) quotes extensive evidenceA
to Show that the neural lamella resembles vertebrate 
basement membrane in its histological properties.
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In the case of glia cells there is general support 
for the theory that they have an ectodermal origin. 
According to Strindberg (1915) the neuropile is fully 
covered by ganglion cells before the appearance of 
glia cells and he considered that the ganglion cells 
close to the neuropile subsequently differentiate to 
form glia cells. Pflugfelder (personal communication) 
holds the view that the glia cells and ganglion cells 
have, undoubtedly, a common origin but that they subse- 
:quently differentiate in different directions. Bauer 
(1905, 1904) thought that some glia cells in the developing 
central nervous system of the prepupa of Culex were 
recruited from the haemocoele, and were thus of 
mesodermal origin, although he did not exclude the 
possibility that other glia cells might be formed by 
the differentiation of ganglion cells. Haller (I905) 
rejected this since he considered that the immigrants 
were phagocytes. It was suggested by Scharrer (1939) 
that glia cells have a nutritive function. She 
regarded perineurium cells as connective tissue cells 
and she distinguished them from glia cells (which 
she regarded as true neuroglia or supporting cells) 
by the fact, (a) that they do not have processes 
extending betv/een neurons, as do glia cells, (b) that 
they do not possess either the fibrils or the gliosomes■
which are characteristic of glia cells in cockroaches,
and (c) that they have different supra vital staining
Acharacteristics. Wigglesworth (1959^ , I960) does 
not drav; such a sharp distinction between perineurium 
cells and glia cells, regarding the former as 
specialised glia cells. He has shown that they have 
complementary functions. Assuming that the neural 
lamella is freely permeable, he stated that the 
perineurium cells regulate the passage of solutes into 
the ganglia and store glycogen whereas glia cells 
transfer glycogen and fat to ganglion cells through 
Holmgren's (1900) 'trophospongium'.
APipa (1961) has reserved his opinion as to whether 
the perineurium cells are connective tissue elements 
or neuroglia since conclusive embryologieal and 
comparative histological information on this subject 
is so scarce. However, he does contribute the 
observation that perineurium cells have a greater 
concentration of demonstrable phospholipids than the 
glia cells.
The transverse nervous connection between the tv/o 
halves of the protocerebrum lying above the central body, 
is usually termed the supraoesophageal commissure (pons 
cerebralis) while the extra-cerebral nervous connection
between the tritocerebral lobes is called the suboesophageal 
or substomodaeal commissure. Both were thought by 
Heymons (1895) to arise, in Forficula. from a median 
ectodermal thickening. Strindberg (1913) held that, 
in Eutermes. the supraoesophageal commissure arises 
from the protocerebral lobes ; and yet he derived the 
suboesophageal commissure from the median ectodermal 
thickening. Nelson (1915) maintained that in Apis 
the former arises from the median ectoderm; but he 
was uncertain about the origin of the latter* However, 
Roonwal (1937) did not consider that dermatogenic cells 
play any part in the formation of these commissures in 
Locusta, and he correctly stated that the former arises 
from the protocerebrum and the latter from the trito- 
; cerebrum, i.e. from,the ganglia they unite.
A pair of cellular structures lying side by side 
and ventral to the stomodaeum, and hence called the 
suboesophageal bodies, have been observed in embryos 
of many insects. According to Wheeler (1893) 
and Roonwal (1937) these have a mesodermal origin in 
Xiphidium and Locusta respectively. Two possible 
functions have been ascribed to these. Wheeler (1893) 
compared them with crustacean green glands, and 
Heymons (1895) and Roonwal (1937) also thought that 
their function was excretory, but Toyama (1902) and
Pflugfelder (personal communication) have maintained that 
these produce blood cells in the embryo. Eastham (1930) 
in his study of Pieris embryo dismissed the idea of 
a leukopoietic function. Heymons (1895) claimed that 
they persist in nymphs of Gryllus and of Blattidae.
The origin and development of the corpora cardiaca 
(CC) have been studied by Wiesmann (1926) and Pflugfelder 
(1937, 1952) in Carausius. by Roonwal (1937) in Lpcusta 
and by Baden (1937) in Melanoplus. All agree that the 
CC develop as paired ectodermal outgrowths of the 
dorso-median part of the embryonic stomodaeum. The 
unpaired hypocerebral ganglion (HG) forms at the same 
time and, later, the CC separate from the HG and become 
connected v/ith the cardioblasts of the developing 
aorta.
There is some disagreement about the origin of the 
corpora allata (CA). It was originally suggested by 
Wheeler (1893) that the CA originate from the mesoderm 
of the tritocerebral segment in Xiphidium. and Blatta. 
Strindberg (1913) also thought that the CA have a 
mesodermal origin in Eutermes, but that the CA have an 
ectodermal origin in Formica. All other authorities 
have agreed to an ectodermal origin, the observation 
of Heymons (1899) that they develop from ectodermal 
invaginations which form at the junction of the
mandibular and maxillary segments in Forficula being 
generally accepted although in Gryllus he found that they 
originate from a solid group of cells. Pflugfelder 
(1957, 1952), and Roonwal (1937) have pointed out 
that the timing of events in the development of an 
embryo may be such that a structure which is really 
an invagination may appear as a solid mass of cells, 
the space within developing later. This space, which 
represents the lumen of the invagination, is subsequently 
obliterated. Others who support the theory of 
ectodermal origin include Nusbaum & Fulinski (1906,
1909), Eastham (1930, in Pieris) and Nelson (1924, 
in Apis)•
MATERIAL AND I^THODS
Oothecae of Periplaneta americana L., were removed 
from females at the stage when three-quarters of the 
ootheca projects from the maternal body. The micro- 
:pyles of such oothecae had already closed. The age 
of an embryo was counted from the time an ootheca was 
removed from the body. These oothecae were kept in 
separate open-mouthed specimen tubes and the date 
and time of collection were noted on each tube. Eggs 
were incubated at 25^C (+ 2°C), development taking 
55-56 days at this temperature. An average of
fifteen first instar nymphs hatched out of each of the 
oothecae which were left to develop. Other oothecae 
were opened at various times in order to obtain a 
series of embryos at all stages of development.
These oothecae were opened up in a 50:50 mixture of 
Ephrussi & Beadle's (1936) insect Ringer solution 
(7*5 gm. sodium chloride, 0.35 gm. potassium chloride,
0.21 gm. calcium chloride and 1,000 ml. distilled 
water) and aqueous Bouin, under a binocular microscope. 
The opened oothecae were left in this mixture for about 
an hour. This treatment prevents the rupture and 
disintegration of the eggs by making them hard and thus 
easier to dissect out in the early embryonic stages.
The embryos become conspicuous after fixation. It 
is difficult to remove entire early embryos from eggs 
without damaging them so individual eggs were 
transferred, after removal of the chorion and the 
serosa only, to aqueous Bouin solution for 6 to 12 
hours. Ten-day and older embryos were large enough 
to be dissected out of their eggs in the same saline- 
fixative mixture and were fixed in aqueous Bouin for 
6 to 12 hours.
After dehydration, specimens were embedded in 
Steedman's (1947) ester wax. Frontal and sagittal 
sections were cut at 6|i and were stained by the
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standard paraldehyde fuchsin procedure, counterstained 
with Groat's haematoxylin and indigo carmine (see 
Chapter 3).
OBSERVATIONS
Section I: Neurohlasts. Ganglion Mother Cells and
Ganglion Cells (Figures 20, 21)
Neuroblasts were first seen as small clusters of 
cells in 5-day embryos. These flask-shaped 
differentiating neuroblasts occur in the embryonic 
brain of P. americana up to the tenth day of embryonic 
development. From the eleventh to the twenty-fifth 
day the neuroblasts are arranged in a continuous line 
along the periphery of the brain. Above these 
neuroblasts lie the dermatoblasts. The neuroblasts, 
v/hich give rise to the central nervous system, and 
the dermatoblasts which go to form the integumental 
structures, are both ectodermal in origin.
Resting, and characteristically unequally dividing,
/
neuroblasts of different sizes, together with ganglion 
mother cells (see below), were observed in the 
embryonic optic ganglion and indeed throughout the 
entire brain.
Mature neuroblasts of P. americana, as in other
Figure 20. Camera lucida drawing of a frontal section 
passing through the anterior part of a 
10-day-old embryo of P. americana. I, II,
III PRC, 1st, 2nd and 3rd protocerebral 
lobes; D, dermatogenic cell; DEL, 
dermatoblast; NBL, neuroblast, DTOBL, 
dividing neuroblast; GMC, ganglion mother 
cell; DVGMC, dividing ganglion mother cell; 
DC, daughter cell; DVDC, dividing daughter 
cell; GANGC, ganglion cell; ChGANGC, 
chain of ganglion cells; DevHBL, developing 
neuroblast; INTG, intraganglionic thickening; 
OPT, optic lobe ; EP, eye plate. The 
nuclear boundary of mature neuroblasts have 
been shown only.
Figure 21. A composite camera lucida drawing from
several frontal sections passing through 
the anterior part of a 10-day-old embryo 
of P. americana. Lettering as in 
Figure 20.
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insects, are round, or oval in section. These cells, 
which vary in size, have abundant cytoplasm but their 
nuclei appear to be poor in chromatin material, at 
least during interkinesis, i.e. the resting stage 
between first and second mitotic division. These 
nuclei sometimes possess two nucleoli during inter- 
:kinesis. Dermatoblasts and their products (formed
by equal division), dermatogenic cells, are poorer 
in cytoplasm than neuroblasts, but their nuclei 
appear to be richer in chromatin material. Lîost of 
the large peripheral neuroblasts divide unequally 
and at right angles to the overlying dermatoblasts.
The unequal division of neuroblasts first becomes 
noticeable during the late metaphase and is obvious 
during telophase. The smaller cells produced by 
this unequal division are ganglion mother cells or 
*pre-ganglion cells* (Poulson, 1950) which in 
F. americana certainly divide equally to give rise 
to two daughter cells. Daughter cells may become 
directly differentiated as ganglion cells which 
ultimately develop into neurons but some ganglion 
cells are smaller than daughter cells and pairs of 
these which have been observed in metaphase and 
telophase are obviously derived by the division of 
daughter cells. The 'dividing ganglion cells *
5b.
reported by Baden (1957) in Melanoplus, and by 
Eawamura in a grasshopper, Chortophaga (personal 
communication), are probably dividing daughter cells.
The neuroblasts, meanwhile, continue to divide unequally 
and gradually become smaller in size. How many times 
a given neuroblast divides is not known. It may be 
that in the last stage the small neuroblasts undergo 
equal division to give rise to two ganglion mother 
cells or directly to two ganglion cells but a few 
neuroblasts along the periphery of the brain certainly 
appear to be degenerating in the 20-day embryo and by 
the thirty-fifth day the number of peripheral neuroblasts 
has fallen drastically though a few persist into the 
later embryonic stages. Thus the ultimate disappearance 
of these cells in the late embryonic life may be due 
partly to the ultimate division of some to a ganglion 
cell end point and partly to the degeneration of 
others.
After 42 days of embryonic development mitotic 
activity of neuroblasts and ganglion mother cells is 
confined largely to the following three sites in each 
half of the brain:
(1) In the two formation centres of the globuli 
cells of the mushroom body (corpus pedunculatum)
Figure 22. Photomicrograph of a frontal section
through the brain of a 42-day-old embryo, 
showing the formation centre (FC) of the 
globuli cells (GO). This formation 
centre lies within the concavity of the 
internal calyx (IntCX). GLB, globulus; 
DVNBL, unequally dividing neuroblast;
NBL, neuroblast; DVGMC, dividing 
ganglion mother cell.
Figure 23. Photomicrograph of a frontal section
through the brain of a 50-day-old embryo 
of p. americana, showing the inner 
formation centre of the globuli cells. 
Note a dividing neuroblast in the centre 
Lettering as in Figure 22.
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i.e. in the concavities of the internal (Pigs 22, 25) 
and external calices, though an occasional neuroblast 
may be found lying outside the cups near the periphery 
of the protocerebrum. These formation centres 
contain neuroblasts, ganglion mother cells and a 
few globuli cells (or neurons) of this region of the 
brain. The region of the brain containing corpus 
pedunculatum and its globuli cells is known as the 
globulus. The neuroblasts found here are aggregated 
together and are certainly smaller in size than the 
large peripheral ones but the former also divide 
unequally (Pig. 24) like the latter (Pig. 2$). The 
smaller product or ganglion mother cell undergoes 
equal division to form two daughter cells which may 
divide once (Pig. 26) or may be transformed into 
globuli cells directly without further division. 
Dividing neuroblasts and ganglion mother cells are 
generally found in these formation centres throughout 
nymphal life and even in some adults (Pig. 27).
(2) In the two formation centres of the optic 
ganglion, the lamina ganglionaris and intraganglionic 
thickening. These contain smaller unequally 
dividing neuroblasts, resting neuroblasts, ganglion 
mother cells and clusters of ganglion cells of the 
optic lobe. Dividing cells are also present in this
Figure 24. Photomicrograph of a frontal section through 
the brain of a second instar nymph of 
P. americana killed %  days after the moult. 
Note an unequally dividing neuroblast (DVNBL) 
in the concavity of one cup and an equally 
dividing ganglion mother cell (D7GMC) in 
the other cup.
Figure 25- Photomicrograph of a frontal section through 
the brain of an 11-day-old embryo of 
P. americana,showing an unequally dividing 
neuroblast (DVNBL) in the optic lobe.
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Figure 26. Photomicrograph of a frontal section 
through the brain of a 10]^-day-old 
first instar nymph of P. americana, 
showing the internal calyx (cup) of 
the mushroom body and the inner 
formation centre (FG) of the globuli 
cells within this cup. See 
dividing neuroblast (DVÎTBL), dividing 
ganglion mother cell (DVGMC) and 
still smaller cells dividing, which 
are probably dividing daughter cells 
(DVDG).
Figure 27* Photomicrograph of a frontal section 
through the brain of an adult 
P. americana, killed 126 days after 
the last moult, showing the inner 
formation centre (FG) of globuli 
cells lying in the concavity of the 
internal calyx (Int.GX). Note a 
dividing neuroblast (DVNBL). Figure 
27 is at a higher magnification than 
Figure 26.
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region of the brain in all nymphal instars.
(5) In the meristematic region of the pars 
intercerebralis and pars lateralis. Dividing 
neuroblasts and ganglion mother cells are encountered 
occasionally in the median and lateral parts of the 
protocerebrum in the 42-day and later embryos and 
in nymphs. The major changes which have taken place 
after 42 days of embryonic development can be 
summarised as follows:
1. Neurons are now well defined and resemble 
those of a first instar nymph.
2. Trabeculae and cauliculi of the corpora 
pedunculata have increased greatly in 
size, as have the cups of the corpora 
pedunculata.
5. The chromatin material of the globuli 
cells of the mushroom bodies is now 
stained more intensely by Goat*s. 
haematoxylin than in the earlier stages. 
Affinity for this stain increases even more 
in 50 and 54-day embryos.
4. The meristematic cells belonging to the
formation centres of the globuli cells 
of the mushroom bodies now assume their 
customary position in the concavity of the 
internal and external cups as described 
above.
5. The upper part of the central body is 
already divided into 8 segments in the 
50-day embryo, and now the lower part is 
also divided into 8 compartments and 
the two ventral tubercles of the central 
body have appeared.
6. A group of small glia cells staining 
darkly with haematoxylin appears 
ventral to the neuropile of the proto-
:cerebrum and lies in between the ventral 
neurosecretory cells and nervus connectivus 
cells (see Chapters 1 and 4).
7. The neuropiles of the deuto-, and trito- 
:cerebrum have become glomerular.
In all these respects the brain of the 42-day embryo 
now resembles that of a first instar nymph.
Chains of ganglion cells (Figs 20, 21) projecting 
inwards from the periphery can be clearly seen, because
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of the presence of interspaces be tv/e en them, up to the 
tenth day of embryonic development but, as the number 
of ganglion cells increases and the brain in consequence 
increases in size, actual chains of cells become more 
difficult to distinguish. At first a ganglion cell 
is so poor in cytoplasm that it appears to consist only 
of a nucleus ivith a single nucleolus and sparse 
chromatin, but presently the volume of cytoplasm in 
the perikaryon increases as does the chromatin content 
of the nucleus. At the same time, the axon, which 
starts as a fine protoplasmic extension, is developing. 
The first sign of such axon development is detectable 
in the brain of a 10-day embryo but neurons similar to 
those in first instar nymphal brains cannot be found 
until the thirtieth day. These neurons continue to 
differentiate, cytoplasmic volume, chromatin content 
of nucleus and thickness of axon increasing until the 
forty-second day. . Beyond this point there is little 
further change in neurons during embryonic life.
Section II; Brain
As in other orthopteran (old classification) 
insects the brain of P. americana is formed by three 
pairs of ectodermal thickenings at the anterior end 
of the embryo, consisting of neuroblasts and 
dernatoblasts, which give rise to the proto-, deuto-, azid
tritocerebrum. The formation of these ectodermal
thickenings is followed by the development and 
differentiation of the neuroblasts. Each half of the 
protocerebrum of an embryo of P. americana  ^ like that 
of Xiphidium (Wheeler, 1895), Locusta (Hoonwal, 1937)> 
and Melanoplus (Baden, 1937) is further divisible into 
three parts, viz., the first protocerebral lobe (or 
optic lobe or optic ganglion), the second protocerebral 
lobe, and the third protocerebral lobe, counting from 
the outside (Figs 20, 21). These parts of the brain, 
which can be distinguished for the first time in 10-day 
embryos, will be considered separately.
(1) Protocerebral lobes
a) First protocerebral lobe or optic lobe
In the 10-day embryo the first protocerebral lobe 
has already separated from the overlying eye plate which 
consists of dermatogenic cells from which the future 
retinal cells of the compound eye will develop.
Unequally dividing neuroblasts and resting neuroblasts 
can both be found at the periphery of the optic lobe, 
in the region of the lamina ganglionaris and at the 
junction of the optic lobe and the second protocerebral 
lobe in the region of origin of the intraganglionic 
thickening. Smaller equally dividing and resting 
ganglion mother cells lie below the neuroblasts in the
Figure 28. Photomicrograph of a frontal' section of the 
optic lobe of a 10-day-old embryo of 
P. americana, showing the optic lobe or 1st 
protocerebral lobe (IPRG), 2nd protocerebral 
lobe (IIPHG), intraganglionic thickening 
(INT) between the 1st and the 2nd proto- 
: cerebral lobes. Note also an unequally
dividing neuroblast (DVNBL) in the optic 
lobe, and the eye plate (EP).
Figure 29* Photomicrograph of a frontal section
through the head of an 11-day-old embryo 
of P. americana, showing 1st, 2nd and $rd 
protocerebral lobes (I, II, IIIPHG), the 
intraganglionic thickening (INI), eye 
plate (EP), antennal coelom (AntGoel), 
neuroblast (NBL), the protocerebral 
bridge (PBr) and the central body (GB).
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optic lobe as in other parts of the brain. The 
intraganglionic thickening was first observed in the 
brain of a 10-day embryo (Fig. 28, see also Pigs 20 
and 21), lying between the first and second proto- 
rcerebral lobes. It consists mainly of elongated 
ectodermal cells which differentiate later into the 
neuroblasts of this region. However, the intra- 
rganglionic thickening of the 10-day-old embryo 
already contains a fev/ differentiated neuroblasts 
some of which are dividing unequally in characteristic 
manner. These extend to the base of this body.
In 10, 11 and 15-day embryos, this structure extends 
downwards and is continuous on its inner side with 
the optic lobe and on its outerside ?;ith the outer 
peripheral dermatogenic cells. These dermatogenic 
cells will eventually give ris4 to the head capsule 
and related integumental structures. In 11-day 
embryos that part of the head with which the intra- 
rganglionic thickening is connected anteriorly starts 
invaginating (Fig. 29) and this process continues 
until the sides of the invagination come close 
together and cover the anterior end of the intragang- 
:libnic thickening. The intraganglionic thickening 
and the dermatogenic cells which lie over it are still 
in contact. Later, however, when the head capsule
Figure 50. Photomicrograph of a frontal section of the
brain of a 20-day-old embryo of P. americana  ^
showing the optic lobe (OPT), the intragang- 
:lionic thickening (INT), a dividing neuroblast 
(DVNBL) in the intraganglionic thickening, 
large peripheral neuroblasts (NBL) of 2nd 
protocerebral lobe, an unequally dividing 
neuroblast (DVNBL) in the region of lamina 
ganglionaris (LG), a large neuroblast in the 
optic lobe, the eye plate (EP), the neuropile 
of lamina ganglionaris (NpLG), medulla externa 
(ME), medulla interna (MI) (the medulla interna 
is not obvious in this section), the neural 
lamella (NL), and the perineurium cell (PC).
Figure 51- Photomicrograph of a frontal section through 
the optic lobe of a 55-d^y-ol^ embryo of 
P. americana^showing the intraganglionic 
thickening which is still near the periphery 
of the brain. See a dividing neuroblast
in this body. Other structures as in
Figure 50. Lettering as in Figure 50.
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Figure 32. Photomicrograph of a posterior frontal
section through the brain of a 42-day-old 
embryo of P. americana, showing optic lobe 
(OPT) and fused Ilnd and Ilird protocere- 
;bral lobe. INT, the intraganglionic 
thickening lying between the medulla 
externa and medulla interna and extending 
as a narrow band of meristematic cells 
up to the third protocerebral lobe.
DVNBL, dividing neuroblast ; Ext.C, 
external calyx; GO, globuli cells.
Of, •
Figure 33. Photomicrograph of a frontal section 
through the brain of a 42-day embryo, 
showing the intraganglionic thickening 
Same magnification as Figures 30 and 31#
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is formed, the intraganglionic thickening loses its 
connection with the overlying dermatogenic cells, 
so that in the 20-day embryo the intraganglionic 
thickening has separated more or less completely from 
the dermatogenic cells of the head capsule, but still 
lies very near to the periphery of the brain between 
the optic lobe and the second protocerebral lobe and 
extends downwards so that its lower part is situated 
between the medulla externa and the medulla interna 
(Fig. 30).
Up to the thirty-fifth day (Fig. 51) the intra- 
:ganglionic thickening remains near the periphery of 
the hrain, but by the forty-second day it has become 
confined to the region between the medulla externa 
and the medulla interna and thus appears to lie deep 
in the brain (Figs 32, 3.3) • This change in position 
has been described by Viallanes (1890, 1891) and 
Wheeler (1893) as a migration, but it is really due 
to the differentiation of all the anterior peripheral 
meristematic cells of the intraganglionic thickening 
into the ganglion cells of the optic lobe. The 
inner region lodged between the external and the 
internal medullary masses of the optic ganglion 
remains as a zone of meristematic cells throughout 
the later embryonic and post embryonic development.
Figure 54. Photomicrograph of a frontal section 
through the region of the lamina 
ganglionaris of the optic lobe of a 
20-day-old embryo of P. americana 
showing an unequally dividing neuro- 
iblast (DVNBL), a dividing ganglion 
mother cell (DVGMC), and a still, 
samller dividing cell which is 
probably a dividing daughter cell 
(DVDC).
Figure 35# Photomicrograph of a frontal section 
through the optic lobe of a newly 
moulted nymph of B. orientalis, showing 
an unequally dividing neuroblast (DVNBL) 
in the region of the lamina ganglionaris.
DVNBL
DVGMC
Figure 34-.
CVDC
DVNBL
Figure 3 5 .
as the meristematic cells of the lamina ganglionaris*
Thus the intraganglionic thickening does not 
disappear in the late embryo, as reported by Viallanes 
(1890, 1891) in Mantis and by \7heeler (1893) in 
Xiphidium* The optic ganglion of P. americana is 
formed by neuroblasts in the same way as the other 
parts of the brain and so Bauer’s (1904) contention 
that the intraganglionic thickening is one of the 
formation centres of the optic ganglion is confirmed.
The post-retinular fibres, first seen in the 10-day 
embryo, are very thin thread-like protoplasmic 
structures connecting the cells of the eye plate with 
the lamina ganglionaris of the optic lobe. They 
become slightly thicker in later embryos, and appear 
only in one or two serial sections of a head so that 
they must be sought with care. The laminary plate 
or lamina ganglionaris, and the medulla externa, can 
be first observed in the brain of an 11-day embryo 
and, by the twentieth day, the medulla interna can 
also be distinguished. Unequally dividing neuroblasts 
and equally dividing ganglion mother cells can always 
be found associated with the lamina ganglionaris *
(Pigs 34, 35 0  131 42, 50 and 54-day embryos the
three neuropile masses of the optic ganglion have
Figure 36. Photomicrograph of a frontal section of 
the optic lobe of a 54-day-old embryo of 
P. americana, showing the half moon shaped 
neuropile mass of the lamina ganglionaris 
(NpLG), the bigger three-layered mass of 
the medulla externa (ME),, the small 
medulla interna (MI), external chiasma 
(EG) and the internal chiasma (IC).
OPT, optic lobe; DT, deutocerebrum.
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increased in size (Fig. 56). The first crossing (or
external chiasma) of nerve fibres lying between and 
connecting the neuropile of the lamina ganglionaris 
and the medulla externa, and the second chiasma (or 
internal chiasma) lying between and connecting the 
medulla externa and medulla interna can be seen 
clearly in 20-day and older embryos in a few sections 
only, and if these sections are missed these chiasmata 
will also be missed. The neuropile of the medulla 
externa is larger than that of the lamina ganglionaris 
which is in turn larger than the medulla interna.
The first can be divided into three zones in the 54- 
day-old embryo. The optic nerve which begins àt the 
inner side of the medulla interna was also seen in 
20-day and older embryos.
b) Second protocerebral lobe
The second protocerebral lobe has linear neuroblasts 
of different sizes at its periphery up to the twenty- 
fifth day. These peripheral neuroblasts lie very 
close to the intraganglionic thickening; so close, 
indeed, that it seems as if they are penetrating it 
(Fig» 30). The internal medullary mass and the optic 
nerve seem to arise from the second protocerebral lobe 
of P. americana in a way similar to that described by
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Roonwal (1957) in Locusta.
The second protocerebral lobe gradually separates 
from the dermatogenic cells of the head and starts 
merging with the third protocerebral lobe. This merger 
is complete in 50-day and older embryos and it is 
thereafter difficult to demarcate these regions of the 
protocerebrum from one another, whereas the optic lobes 
can be easily distinguished from the rest of the proto- 
:cerebrum.
c) Third protocerebral lobe (Figs 57, 58)
The median or third protocerebral lobes of the 
brain form the major part of the future protocerebrum. 
There are neuroblasts at their outer surface which 
disappear during late embryonic development. About 
the eleventh day these lobes increase in size and each 
bends upon itself (Pig. 38) so that its free end comes 
to lie in close proximity to the neighbouring first 
protocerebral lobe. The outer margins of the two 
third lobes are adjacent to one another at the bends 
but separated by a median line which divides the brain 
into two equal halves. This central region of the 
protocerebrum is the median pars intercerebralis and 
in 11-day and later embryos it has neuroblasts arranged 
vertically along its periphery near the median line.
Figure 37* Photomicrograph of a frontal section through 
the head of a 10-day-old embryo, showing 1st, 
2nd and 3rd prbtocerebral lobes (I, II, III 
PRO), stomodaeum (ST), antennary coelom 
(ANT COEL).
Figure 38. Photomicrograph of a frontal section through 
the head of an 11-day-old embryo, showing the 
brain. Note that each 3rd protocerebral 
lobe has bent upon itself. NBL, neuroblast; 
DVNBL, dividing neuroblast; NpPRC, neuropile 
of the protocerebrum. (See the protocerebral
bridge in Figure 29.)
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In addition to the neuroblasts, there are ganglion 
mother cells, and ganglion cells. The median pars 
intercerebralis gradually differentiates and becomes 
distinct from the overlying globulus which contains 
globuli cells. This change begins in the 30-day 
embryo and is completed in the 42-day embryo.
The third protocerebral lobe, unlike the second 
protocerebral lobe, shows slight signs of separation 
from the overlying dermatogenic cells in the 10-day 
embryo. However, in 20 and 23-day embryos the whole 
brain has virtually separated from the overlying 
dermatogenic cells, though in places they may be 
connected by means of protoplasmic strands to the 
neural lamella of the brain. In 20 and 25-day embryos, 
the large peripherally-arranged neuroblasts are more 
numerous in the second protocerebral lobe than in the 
third protocerebral lobe.
(2) The perilemma and glia cells. The brain becomes 
covered, for the first time in the 20-day embryo, 
by a sheath which, in agreement with Feyer (1912), 
Schrader (1958), Scharrer (1959)» Wigglesworth 
(1959p» and others, will be termed the perilemma.
This is the layer Heymons (1895)» Nelson (1924),
Roonwal (1957)» Baden (1957)» and others, called the
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outer neurilemma. It consists of a very thin outer 
fibrous neural lamella which stains pink with 
paraldehyde fuchsin and an inner cellular perineurium 
(Fig. 30). According to Baccetti (1955» 1956),
Hess (1958) and Smith & Wigglesworth (1958), the 
neural lamella is laminated and consists of collagen 
fibrils. Hoyle (1952) and Hess (1958) state that 
•perilemma* should be used for the cellular layer 
lying below the neural lamella, the word perineurium 
being discarded, but this unnecessary departure from 
the accepted*meaning of the terms should be ignored.
In the brain of the 10-day embryo a small 
number of glia cells can be seen for the first time, 
at the lower surface of and within the rudimentary 
protocerebral neuropile which lies below the dorsal 
ganglion cells (Fig. 39). These glia cells lie close 
to the evanescent coelomic sacs of the antennal segment 
and resemble the mesodermal cells of the coelomic sacs 
in shape, size and staining properties. There is a 
notable increase in the number of glia cells from the 
twentieth day on, an increase which is not primarily 
due to mitotic activity of these cells in the brain 
but is due to the fact that the brain of the embryo 
is invaded by these mesodermal elements, this invasion
Figure 39* Photomicrograph of a frontal section through 
the héad of a 10-day-old embryo,showing the 
1st, 2nd and 3rd protocerebral lobes (I, II, 
III PRO), the rudimentary protocerebral 
neuropile (NpPRC) and few glia cells (G) 
associated with it. ANT COEL, evanescent 
antennary coelom.
Figure 40. Photomicrograph of a frontal section through 
the head of a 20-day-old embryo of 
P. americana, showing the invasion of brain 
by mesodermal cells which form the perineurium 
and glia cells. Note also the thread-like 
protoplasmic processes of the dermatogenic 
cells. ST, stomodaeum; G, glia cells;
P, perineurium cell.
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continuing until about the thirtieth day. Hows of 
these cells can be seen penetrating the brain and 
they become arranged inside the brain in rows 
between the ganglion cells and surround and penetrate 
the neuropile (Fig. 40). Increase in the number of 
glia cells at later stages is due to mitotic activity.
The view of Pflugfelder (personal communication) that 
ganglion cells and glia cells have a common 
origin cannot be accepted.
In the brain of 20-day embryos the perineurium 
cells can be seen lying just above the neuroblasts where 
these are present, or just above the ganglion cells where 
these occur at the periphery of the brain. The close 
association of perineurium cells with the peripheral 
ganglion cells at this and subsequent stages of 
development has led some observers (Wheeler, 1895; 
Eastham, 1930; Hoonwal, 1937) to suppose that perineu- 
:rium cells are derived from ganglion cells, but normally 
the products of the division of the peripheral 
neuroblasts lie internal to them so that perineurium 
cells lying above the neuroblasts can only be derived 
from them if they have migrated to that position and 
have undergone a rapid and drastic differentiation 
such as a great reduction in size, and changes in
yu
staining properties and shape. On the other hand, 
perineurium cells so closely resemble glia cells in 
shape, size and staining properties, that it seems 
probable that they have a common origin and differentiate 
later for different functions. The first appearance 
of perineurium cells in the embryonic brain coincides 
in time with the invasion of the brain by mesodermal 
cells some of which, as has already been suggested, 
become glia cells. It is now postulated that the 
remainder arrange themselves on the surface of the brain 
as perineurium cells. Subsequent increase in numbers 
of perineurium cells is due to mitotic activity by 
cells in the perineurium itself. Baden (1937) also 
ascribed a mesodermal origin to perineurium cells, 
tracing them to the cephalic coelomic sacs in Melanoplus. 
At the convex parts of the brain the perineurium cells 
(Fig. 30) are small, more or less flat, elongate, and not 
close to one another, but in other places, in the 
concave regions for example, these cells are oval, round 
or cylindrical and arranged in several layers. Such 
an arrangement has also been reported by Scharrer (1939) 
in the nymphs and adults of P. americana.
Though numerous dark-stained small glia cells 
lie all along the periphery of the neuropile of 20-day
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and older embryos, no definite continuous membrane, i.e. 
internal neural lamella, as reported by Wheeler (1893)» 
Heymons (1895) and others, could be seen. Baden (1937) 
also could not find such an internal neural lamella 
surrounding the neuropile in Melanoplus, and discarded 
the possibility of its existence on the grounds that 
if such an internal membrane existed it would have to 
possess numerous pores for the passage of each and 
every axon.
The perineurium cells are thought to secrete the 
neural lamella, though according to Wigglesworth (1956) 
"contribution by haemocytes remains a possibility".
In P. americana embryos a few haemocytes with pink 
granules v/ere observed lying in the space outside the 
brain, between the neural lamella and the head capsule, 
but haemocytes were not observed closely applied to 
the outer surface of the neural lamella. In 20 and 
25-day embryos the neural lamella of the brain is 
connected to the dermatogenic cells of the head by 
means of the protoplasmic processes of the latter 
which extend ventrally to reach the outer surface of 
the brain. These processess anastomose and are 
closely applied to the outer surface of the neural 
lamella while the perineurium cells are closely applied 
to its inner surface. The dermatogenic cells lose
their protoplasmic connections with the neural lamella 
of the brain about the thirtieth day when a definite 
head capsule is formed enclosing the brain.
(5) The Punktsubstanz
About the tenth day of development the ganglion 
cells start to produce thin protoplasmic processes 
(axons) which become interwoven v/ith each other and 
form a thin fibrous network linking the first, second 
and third protocerebral lobes of each half of the brain 
with each other. By the eleventh day the neuropile 
connecting both the third protocerebral lobes has been 
formed. This median neuropile band (or mass) is known 
as the protocerebral bridge. This neuropile of the 
protocerebrum, is referred to by German authors as 
Bunktsubstanz and so iu can be stated that Punktsubstanz 
appears as early as the tenth day of development (see 
Figs 29, 58 and 59)*
The protocerebral neuropile of a lu-day embryo 
lies ventral to the dorsal ganglion cells and is so 
thin that it has been seen in only one or two of the 
whole series of sections through the head. The brain 
of a 10-day-old embryo of P. americana resembles the 
stage F embryonic brain of Xiphidium (Wheeler, 1893) 
in that the protocerebral lobes are at the same stage of
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development but at this stage the brain of Xiphidium, 
according to Wheeler, lacks Punktsubstanz. Yet in the 
first stage at which he noted the presence of a neuropile 
this was as fully developed as the neuropile of an 
11-day embryo of P. americana in which the number of 
ganglion cells is now greater, the brain is now more 
compact, and the neuropile mass of the protocerebrum is 
thicker and embedded in the mass of ganglion cells. So 
it seems probable that a thin neuropile in stage F embryos 
of Xiphidium escaped Wheeler's notice.
The neuropile of the proto-, deuto- and tritoeerebrum 
increases gradually during embryonic and post-embryonic 
development. The neuropile structure of the brain 
gradually become differentiated during embryonic 
development and apparently the only change which they 
undergo during post-embryonic development is increase in 
size.
(4) The corpora pedunculata (mushroom bodies)
There are two corpora pedunculata in the protocerebrum. 
These are fibrous or neuropile structures formed by the 
axons of the ganglion or globuli cells of the globulus 
region of the protocerebrum. Each of the corpora consists 
of a trabecula, a cauliculus, a main peduncle, and two 
calices (or cups) filled with globuli cells.
Figure 41. Photomicrograph of a frontal section through 
the brain of a 25-day embryo of P. americana. 
showing rudiment of calyx (Cx) and peduncle 
(PED). PEC, protocerebrum; DTC, deutocere-
:brum; TEC, tritocerebrum; NBL, neuroblast; 
DVNBL, dividing neuroblast; P, perineurium 
cell; ITL, neural lamella; G, glia cell ; 
GANGC, ganglion cell; H, head capsule;
Np, neuropile.
Figure 42. Photomicrograph of a sagittal section
' through the brain of a 30-day embryo of 
P. americana,showing rudimentary internal 
calyx (Int.CX) and external calyx (Ext.CX) 
and globuli cells (GLC).
Figure 43. Photomicrograph of a frontal section through 
the brain of a 42-day embryo, showing the 
calices of the corpora pedunculata.
Lettering as in Figures 41 and 42.
DTC
TRC
DVNBL
G A N G C
4t •
Figure 41
ExtCX GLC IntCX
%■.
^  .
Figure 4-2.
Ext CX IntCX GLC
# #
M # :
4 ; >».
/
IntCX
Figure 43
74.
In early embryonic life the globuli cells of the 
mushroom body are formed by the activity of peripheral 
protocerebral neuroblasts of the globulus region and up 
to the thirtieth day of embryonic development the globulus 
is filled with resting and dividing neuroblasts, ganglion 
mother cells, and globuli cells; but in 42-day and older 
embryos most of the meristematic cells of the globulus 
become confined to the formation centres in the concavities 
of the now well formed calices. These centres continue 
to produce more and more globuli cells throughout embryonic 
and post-embryonic development and so the corpora 
peducnulata, which receive more and more axons from the 
globuli cells, gradually increase in size. The globuli 
cells are round in shape, smaller than most of the other 
ganglion cells of the brain but bigger than the glia 
cells.
The two rudiments of the cups of the mushroom body 
with rudimentary stalks were first seen with certainty 
in each half of the brain of a 25-day-old embryo and 
they increase in size during the later embryonic 
development (Figs 41, 42, 45). The trabecula and 
cauliculus become visible for the first time in the brain 
of a 50-day-old embryo. They are then very small and 
remain small till the thirty-fifth day but there is a
Figure 44. Photomicrograph of a frontal section
through the brain of a 35-day embryo,showing 
the trabecula (TR), central body (CB), the 
upper part of which is divided into 8 
segments but the lower part is still 
undivided; protocerebral bridge (PBr), 
the ventral commissure of the ventral mass 
(VO) and glia cells (G).
Figure 45. Photomicrograph of a frontal section
through the brain of a 42-day embryo, shov/ing 
trabecula (TE), cauliculus (CAU), central 
body (CB) whose upper, as well as lower, 
part is divided into 8 compartments. Note 
also the glomeruli (GL) in the neuropile of 
the antennary lobe. Figure 45 is at a 
lower magnification than Figure 44.
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ngreat increase in size by the forty-second day (Figs 44, 
45). In a 42-day-old embryo the neuropile of the 
cups of the mushroom body becomes glomerular, i.e. 
synapses form in this region. These glomeruli become 
more distinct after 50'days of embryonic development.
(5) The central body (corpus centrale) (Figures 44, 45)
The central body, a neuropile structure, owes its 
name to its central position in the brain (in the 
protocerebrum). The rudimentary central body is first 
seen in the 11-day-old embryo brain* It consists of a 
distinct mass of nerve fibres in the centre of the main 
mass of neuropile of the protocerebrum. In the 50-day 
embryos the central body becomes more distinct and is 
differentiated into a segmented upper part (with 8 
segments) and an unsegmented lower part. This lower 
part also becomes segmented into eight compartments by 
the forty-second day. The two ventral tubercles of 
the central body also appear for the first time in the 
brain of the 42-day embryo.
(6) The deuto- and tritocerebrum
The deutocerebrum and tritocerebrum are formed, 
like the protocerebrum, by the activity of neuroblasts 
and by the production of axons from the ganglion cells
Figure 46. Photomicrograph of a frontal section
through the brain of d 42-day-old embryo 
of P. americana,showing deutocerebral 
commissure or transverse commissure.
Figure 47* Photomicrograph of a frontal section 
through the brain of a 42-day embryo 
of P. americana, showing 1st suboesophageal 
commissure (ISOC).
Figure 48. Photomicrograph of a following frontal 
section through the brain of a 42-day 
embryo, showing 2nd suboesophageal 
commissure (II 800), circum-oesophageal 
connective (COESC), and the suboesophageal 
ganglion (800).
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of these regions of the brain. The deutocerebrum lies 
anterior to the stomodaeum but the tritocerebrum is 
post oral in position in the older embryos, nymphs, 
and adults. The antennary nerve arises from the 
deutocerebrum. This agrees v/ith the observations of 
Viallanes (1891) on Mantis, V/heeler (1895) on Xiphidium, 
and Roonwal (1957) on Locusta. The neuropile of the 
deutocerebrum, which is simple up to the thirty-fifth 
day becomes glomerular in 42-day embryos (Pig. 45) as 
does that of the tritocerebrum.
A clear line demarcating the protocerebrum and the 
deutocerebrum, is first seen in 20-day embryos*.
However, even before the appearance of this clear line 
these two parts of the brain are easily distinguished 
from one another by their relative position.
The neuropile of the deutocerebrum of each half of 
the embryonic brain could be seen to be connected to 
its partner by a distinct neuropile band or deutocerebral 
commissure. This was reported by Viallanes (1891) in 
Mantis but not detected in Locusta by Roonwal (1957) 
who appeared to doubt the former's observation. This 
commissure lies just ventral to the protocerebral 
neuropile and is intracerebral. The two lobes of the 
tritocerebrum are connected by two neuropile bands.
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the suboesophageal commissure which are extra-cerebral 
and pass under the oesophagus. The intra-cerebral 
supraoesophageal commissure, protocerebral or pons 
cerebralis, which lies transversely and dorsal to the 
foregut, arises from the protocerebrum where as the 
suboesophageal commissures arise from the tritocerebrum. 
These observations on the origin of supra- and suboeso- 
:phageal commissures are in agreement with those of 
Roonwal (1937), but disagree with those of Heymons 
(1895), Strindberg (1913) and Kelson (1915)# The 
circum-oesophageal connectives are formed from the 
tritocerebrum and unite it to the suboesophageal ganglion. 
A nerve (KOCIII, see Chapter 1) arises from the anterior 
inner lateral surface of each tritocerebral lobe and 
innervates the corpus cardiacum. A tegumentary nerve 
(see Chapter 1) originates from the antero-dorsal 
surface of each tritocerebral lobe and goes to the dorsal 
part of the head. The tritocerebrum also innervates 
the labrum and is connected with the frontal ganglion 
by frontal connectives.
Section III; The Suboesophageal Ganglion
The paired ganglia of the madibular, first, 
maxillary and second maxillary (labial) segments form 
separately in the early embryo but before eclosion they
/o
unite to form the single suboesophageal ganglion. The
neuroblasts which take part in the formation of the
\suboesophageal ganglion are, as might be expected, 
identical with those in the embryonic brain. All the 
nerves of the suboesophageal ganglion mentioned in 
Chapter 1 could be seen in the older embryos.
Section IV: The Suboesophageal Bodies
In P. americana, the suboesophageal bodies were first 
seen in the posterior sections of the head of 10-day-old 
embryos, extending anteriorly almost as far as the brain 
and posteriorly into the prothorax. It is generally 
accepted that they are mesodermal in origin. Their 
cells contain neither globules nor vacuoles in 10 and 
11-day embryos, but in 20 (Fig. 49) and 25-day embryos 
they are full of globules of various sizes some of Y/hich 
stain with paraldehyde fuchsin while others take the 
counterstain indigo carmine. The cells of this paired 
structure are either uninucleate or binucleate. The 
nuclei of the cells of the suboesophageal bodies of 
20 and 25-day embryos are clearly bigger than those of 
either 10 and 11-day or JO and 55“(isy embryos. At JO 
and J5 days the cells appear vacuolated and possess only 
a few small green globules. This may be an indication 
that these cells are at the peak of their activity at
Figure 49. Photomicrograph, of a section through the 
suboesophageal body.  ^ Gl, globules;
K, nucleus.
GL
Figure 4-9.
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the twentieth to twenty-fifth day of embryonic development. 
These bodies disappear after 35 days and seem, therefore, 
to be organs of the'^  earlier embryonic stage only.
Section V; Origin and Development of the Stomatogastric 
Nervous System and Retrocerebral Complex
The paired rudiments of the corpora cardiaca, and 
the unpaired rudiments of the hypocerebral ganglion and 
frontal ganglion arise from an évagination of the 
ectodermal stomodaeum. They are first visible in 
10-day-old embryos, and differentiate and increase 
gradually in size, by increase in cell number accompanied 
by increase in cell size. Their later development is 
essentially similar to that described by Pflugfelder 
(1937, quoted 1952) in Carausius, Baden (1957) in 
Melanoplus, and Roonwal (1937) in Locusta. In P. americana, 
the paired corpora cardiaca assume their characteristic 
shape, and final position (i.e. dorsal to the gut, near 
the dorsal aorta, close to and on either side of the 
recurrent nerve which arises from the posterior end of 
the frontal ganglion) in JO-day and later embryos
(Pigs 50, 51)-
Several types of cells can be recognised in these 
glands in JO-day and older embryos. These are :
Figure 50. Photomicrograph of the frontal section of 
the corpora cardiaca of a 42-day embryo of 
P. americana, containing neurosecretory 
granules. CC, corpora cardiaca; RN, 
recurrent nerve; Gr, PF-positive neuro- 
:secretory granules; Ao aorta, Oes, 
oesophagus.
Figure 51* Photomicrograph of the frontal section of 
the corpora cardiaca of a 42-day embryo of 
P. americana, containing neurosecretory 
granules. This section is a succeeding 
section shown above in Figure 50.
Lettering as in Figure 50.
Figure 52. Photomicrograph of the frontal section 
of the corpora allata (CA) of a 50-day 
embryo of P. americana. HG, hypocerebral 
ganglion; DVC, dividing cell; other 
lettering as in Figure 50.
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(a) the perineurium cells, with dark and 
more or less elongated nuclei;
(b) interaxonal glia cells which are small, 
round or oval with dark nuclei;
(c) smaller round or suhspherical cells 
of corpus cardiacum with darker 
nuclei;
(d) larger round or slightly oval cells of 
corpus cardiacum with light stained 
nuclei and
(e) small, elongated, darkly stained nuclei 
of tracheal cells.
Pycnotic nuclei and dividing cells v/ere also 
observed in the developing corpora cardiaca.
The corpora allata are ectodermal in origin and 
arise as invaginations at the junction of the ,mandibular 
and maxillary segments. The embryonic development of 
the corpora allata in P. americana resembles in all 
essential respects that of Carausius described by 
Pflugfelder (1937, 1952). The oval corpora allata are 
found in their normal position lying on either side of 
the hypocerebral ganglion close to the dorsal aorta and 
dorso-lateral to the foregut in 50-day and later embryos 
(Fig. 52). From now on the development of the corpora
allata is gradual and continuous throughout later 
embryonic and nymphal life. Dividing cells are present 
in the corpora allata of early embryos and occasionally 
in later embryos and nymphs when the corpora allata have 
assumed their definitive position.
Larger and smaller cells of corpus allaturn, glia 
cells and perineurium cells as described in Chapter 1 
were also observed in the embryonic CA. A nervous 
connection between the CA and the suboesophageal ganglion 
and the commissure of the CA connecting the two CA 
together, undescribed as yet in the embryos of 
P. americana  ^ were seen in older embryos and are noted 
here for the first time.
DISCnSSIOE
Flask-shaped differentiating neuroblasts of the type 
described by Poulson (1950) in the early embryonic 
brain of Drosophila can be seen, up to the tenth day of 
development, in the embryo of P. americana. It is certain 
that the smaller cells produced by unequal division of 
neuroblasts, i.e. ganglion mother cells, divide again, 
equally, to form daughter cells which normally become 
ganglion cells although daughter cells sometimes divide 
again, the products of this last division becoming
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ganglion cells. There is no evidence, at least in 
P. americana, to support Wheeler*s (1895) theory that 
the smaller cells produced by the division of neuroblasts 
become ganglion cells.
It is also certain that neuroblasts do take part in 
the formation of the of the optic lobes. Pflugfelder 
(personal communication) has concurred with the author's 
finding on this point. The elongated flask-shaped cells 
in the early embryonic optic lobe of Xiphidium which 
Vfheeler (1895) distinguished, on the basis of morphology, 
from the neuroblasts can be found in early embryonic 
stages of P. americana  ^ but it subsequently becomes clear 
that these are simply neuroblasts at an early stage of 
development. It is difficult to understand why some of 
the earlier authorities were unwilling to recognise the 
occurrence of neuroblasts in the optic lobe. Dot only 
neuroblasts but also the young ganglion cells of the 
optic lobe are similar to those of the other protocerebral 
lobes in à 10-day embryo. These neuroblasts occur at 
the periphery of the optic lobe and in the lamina ganglionaris 
and intraganglionic thickening. The peripheral neuroblasts 
disappear during later embryonic development but 
neuroblasts found in the other locations persist until 
the last nymphal instar.
The invagination of the dermatogenic cells overlying
the primordium of the intraganglionic thickening may 
signify the incipient separation of the first and second 
protocerebral lobes. This invagination carries the 
neuroblasts of the intraganglionic thickening inwards.
By the twentieth day the thickening has separated from 
the hypodermis and its lower part has extended inwards 
and lies between the medulla externa and medulla interna. 
The complete transformation of the outer neuroblasts, 
by repeated divisions to form ganglion cells, results in 
the disappearance of the outer part of this structure, 
the inner region persisting as noted above. This change 
was wrongly interpreted by Viallanes (1890) and Wheeler 
(1893) as a migration. Baden (1957) appears to have 
missed the intraganglionic thickening in early embryos 
of Melanoplus » and to have failed to detect the 
relationship between the neuroblasts adjacent to the 
hypodermal indentation and the structure lying deep in 
the brain at a later stage in embryonic development.
There is no second intraganglionic thickening, as suggested 
by Strinberg (1915), in P. americana but in the 42-day 
embryo the intraganglionic thickening extends in the 
form of a narrow horseshoe-shaped band of meristematic 
cells as far as the third protocerebral lobe. This 
structure, which consists of small neuroblasts and still 
smaller ganglion mother cells, is not observable in
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later embryos.
The author's description of the neuropile masses 
of the optic ganglion, chiasmata and optic nerve agrees 
with that given by Viallanes (1891), Bauer (1904) and 
Eoonwal (1957)* The failure of Baden (1957) to detect 
some of these structures may be due to the fact, noted 
earlier, that they are very small, appear on a few 
sections only and can easily be missed.
In the 20-day embryo of P. americana some of the
perineurium cells bear a superficial resemblance to some
of the overlying dermatogenic cells which are destined
to form the head capsule but this is meagre evidence on
which to base a theory, as attempted by Heymons (1895),
that the former arise from the latter. This theory was
discounted by Strindberg's (1915) observation that in
specimens of three different orders the perineurium
is formed some time after the brain has separated from
the hypodermis. There is no evidence, in sections of
P. americana embryos, to support the idea (Kusbaum, 1885;
Wheeler, 1895) that perineurium cells are derived from
median cord elements. As has been stated earlier,
a number of workers have suggested that the perineurium
cells are modified peripheral ganglion cells which are
the outer products of peripheral neuroblasts. However, 
the nuclei of the perineurium cells are much smaller
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than those of the ganglion cells, are usually elliptical 
in shape whereas the latter are usually round, and the 
nuclei of the former stain more intensely with Groat's 
haematoxylin than those of the latter. Moreover, 
when they are first identifiable the perineurium cells 
lie outside the peripheral neuroblasts. When these 
neuroblasts divide the products of division usually lie 
to the inside. Perineurium cells can only be derived 
from these neuroblasts if they have (a) migrated to 
the outside and (b) undergone a rapid and drastic 
differentiation. There is no histological evidence 
to support either possibility. On the other hand, the 
similarity between perineurium cells and glia cells, 
which has been emphasised earlier, provides an important 
clue to the solution of this problem.
Strindberg (1913) and Pflugfelder (personal 
communication) have supported the theory that glia cells 
are modified ganglion cells and are thus ectodermal 
in origin although the latter ascribes a separate 
mesodermal origin for the perineurium.
Only two workers in the past recognised the 
fundamental importance of immigrant cells. Korotneff 
(1885) described the invasion of the developing nervous
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system of Gryllotalpa by wandering blood cells which, 
he thought, formed the structure now called the 
perineurium,while Bauer (1905, 1904) described a 
similar invasion of the developing nervous system in 
the prepupa of Culex by connective tissue cells which 
become glia cells. Each was to some degree correct 
since the evidence now presented indicates that 
perineurium cells and glia cells are derived from cells 
of mesodermal origin, principally those of the cephalic 
coelomic rudiments, which actually invade the developing 
brain.
All theories concerning the origin of perineurium 
and glia cells which (a) suggest that either are ecto- 
;dermal in origin, (b) suggest that either are derived 
from ganglion cells and (c) suggest that they have a 
dissimilar origin, are now rejected. This conclusion 
supports the view of Wigglesworth (1959? I960) that 
the perineurium cells have probably been derived from 
glia cells which have become specialised for protective, 
nutritive and excretory functions.
Regarding the origin of the neural lamella there 
is no substantial evidence that haemocytes play a part 
in its formation in P. americana. The anastomosing 
protoplasmic processes, of the dermatogenic cells which
O/
have separated from the brain, certainly terminate on 
the neural lamella in 20 and 25-day embryos. In the 
50-day embryo the dermatogenic cells have lost their 
connection with the neural lamella. It is true that 
from the study of sections of earlier embryos one might 
think that the dermatogenic cell processes produce the 
neural lamella but a study of later sections makes it 
clear that the protoplasmic extensions simply represent 
the final stage in the separation of the dermatogenic 
cells from the brain. It seems fairly certain that 
the perineurium cells with which the neural lamella 
is so intimately associated secrete this outer protec- 
:tive layer.
There is no doubt that the supraoesophageal 
commissure which unites the two halves of the protocere- 
2brum is formed by the axons of neurons lying in the 
protocerebrum and so the possibility that it is produced 
from a 'median ectodermal thickening' (Heymons, 1895) 
does not arise. The two lobes of the tritocerebrum 
are connected by two suboesophageal commissures, both 
of which are formed by axons of neurons in the 
tritocerebrum. It has long been known that insects 
possess a suboesophageal commissure but recently 
Willey (1961) stated that some insects possess two
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such connections. The presence and origin of two trito- 
: cerebral commissures in an insect embryo is recorded 
here for the first time.
It has variously been suggested that the suboesopha- 
:geal bodies are either excretory or blood forming organs. 
Wheeler (1893) who initiated the former theory stated 
that the nuclei of the cells of these bodies remain 
constant in size but this is not so in P. americana in 
which they increase in size from the tenth to twenty- 
fifth day and thereafter decline. Since mitoses were 
not observed in these bodies subsequent to their formation 
in the embryo, it seems improbable that they could be the 
sites of production of blood cells. Their function must 
for the moment remain in doubt.
Finally, these investigations support those of all 
the other workers who have ascribed an ectodermal origin 
to the corpora allata. The observation of dividing cells 
in the CA of later embryos and nymphs contradicts the 
reports by Wiesmann (1926) and Pflugfelder (1948) that 
cell division in the CA of Apis occurs only up to the 
time of its detachment from the ectoderm; but such 
dividing cells have been reported in the CA of many 
other insects (Pflugfelder, 1952)*
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CHAPTER 5
HEUROSECRETIOH IH THE EMBRYONIC STAGES AND LATER 
STAGES IN THE DEVELOPMENT OE THE COCKROACHES, 
PERIPLANETA AMERICANA L., AND BLATTA ORIENTALIS L.
INTRODUCTION
(1) Hormones in insects
The first evidence that insect metamorphosis is 
under endocrine control was provided by the experiments 
of Kopec (1917? 1922) with larvae of Lymantria dispar 
L. These involved firstly, the division by ligature 
of the bodies of last instar larvae. If pupation 
occurred shortly after ligaturing then both halves 
of the body were affected but if it occurred some time 
after ligaturing then only the anterior half of the 
body was involved. The second series of experiments 
involved the extirpation of the most obvious possible 
controlling centre in the anterior part of the body, 
namely the brain* The results again depended on the 
relationship between the time at which extirpation 
was performed and the time at which pupation was due to 
occur. If extirpation was performed shortly before 
pupation then the animal still pupated, but if the 
operation was performed some time earlier then it
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remained in the larval state,
Subsequently a number of other workers, notably 
Fraenkel (1935)? Caspari & Plagge (1935), Kuhn &
Piepho (1936), and Plagge (1938), performed similar 
ligaturing experiments on last instar larvae of 
Diptera and Lepidoptera with similar results. Meanwhile, 
Wigglesworth (1933, 1934, 1936) by decapitation and 
parabiotic experiments on the bug, Rhodnius, produced 
conclusive evidence that there is a hormone which causes 
moulting in insects. There was not at that time 
sufficient histological evidence to indicate that the 
brain of insects acts as an endocrine gland. On the 
other hand, Nabert (1913) had described the corpora 
allata (CA) in insects from a number of orders and had 
pointed out that the histological appearance of these 
bodies indicated that they were, in fact, endocrine 
glands. It was perhaps reasonable, therefore, to 
propose that the source of moulting hormone was not 
the brain but was the adjacent CA (Wigglesworth, 1934, 
1936; Random, 1937; Random & Neel, 1958; Burtt,
1938).
The first example of neurosecretory cells (NSC) 
in an insect was provided by Weyer (1935) in Apis.
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Scharrer (1937) found gland-like nerve cells in Bombus, 
whilst neurosecretory cells were demonstrated in the 
dorsal part of the brain of Rhodnius by Hanstrfim 
(1938). Working from Hanstrflm*s evidence, Wigglesworth 
(1939, 1940) was able to show in a decisive way by 
extirpation experiments with Rhodnius that the source 
of the hormone controlling moulting lay in the dorsal 
median part of the brain. If the NSG demonstrated 
by Hanstrom (1938) were removed from the brain of a 
Rhodnius larva after a critical period, i.e. after the 
time when decapitation can prevent moulting, and 
implanted into a larva decapitated before the critical 
period, the implants induced moulting in the latter.
Wigglesworth (1940) now showed that the CA 
produce not the moulting hormone but another hormone, 
subsequently named neotenin or juvenile hormone, whose 
function is to restrain the development of imaginai 
characters at larval moults. Due to the work of B. 
Scharrer and B. Scharrer (1944), B. Scharrer (1946£, 
1951, 1932a,b,c), and E. Thomsen (1954) it became 
evident that the corpora cardiaca (CO) of insects act 
as organs of storage and release of neurosecretory 
material outside the brain and that the neurosecretory 
material is transported along the axons of the brain
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NSC, which form the nerves to the CC. Fnkuda (1940a,b, 
1944) discovered that in Bombyx the prothoracic glands 
and not the brain secrete moulting hormone.
Williams (1946, 1947, 1948a, 1952) reconciled 
this apparent disagreement by showing in Hyalophora 
(Platysamia) that the brain releases a trophic hormone 
which stimulates the prothoracic glands which in turn 
produce moulting hormone. It is the prothoracic gland 
hormone (moulting hormone or ecdyson) which acts on the 
tissues of the body to produce the changes characterising 
the moult. This has proved to be the case, not only 
in Hyalophora  ^ but also in Rhodnius (Wigglesworth, 1952a, 
b), in Orthoptera (Pflugfelder, 1947), in Odonata 
(Deroux-Stralla, 1948), in Diptera (Possompes, 1950,
1953) and in numerous other insects which have been 
investigated since.
Prothoracic glands of the higher pterygote insects 
are equivalent to the ventral glands of lower Pterygota 
(Pflugfelder, 1952), to the thoracic glands of Hemiptera 
(Wigglesworth, 1952a), and to the peritracheal gland or 
lateral ring-gland cells of dipteran larvae (Possompes,
1953).
Prothoracic glands in Orthoptera were first
95.
described by Scharrer (1948a) in the cockroach,
Leucophaea  ^ these she considered homologous with the 
prothoracic glands of Lepidoptera. Bodenstein (1951) 
from his extirpation experiments concluded that the 
prothoracic glands are essential for the process of 
moulting and metamorphosis in Feriplaneta. In adult 
Periplaneta the prothoracic glands degenerate completely 
some 12 to 14 days after metamorphosis (Bodenstein,
1953b). Thoracic glands break down and disappear 
witnin 48 hours cifter final moulting in Rhodnius 
(Wigglesworth, 1951). In all normal adult pterygote 
insects belonging to different orders the prothoracic 
glands or their equivalent degenerate after the final 
moult, so that no further moult occurs in the adult 
insects.
Exhaustive reviews on neurosecretion in insects have 
been produced by Pflugfelder (1941, 1952), E. Scharrer 
& B. Scharrer (1945, 1954a, 1954b), B. Scharrer (1948b, 
1952a, 1953a), Wigglesworth (1951, 1954-a, 1957a), Gabe
(1954), Nayar (1955b), Johansson (1958), and most 
recently by Van der Kloot (I960). neurosecretion in 
insects has also been discussed at the three international 
symposia on neurosecretion - Naples (1953), Lund (1957) 
and Bristol (1961).
An NSC is a special type of nerve cell. It shows
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pronounced glandular activity. In appropriately stained 
sections it is seen to contain a particulate product.
This product stains blue-black after chrome haematoxylin 
phloxin staining, and pink to purple-red after 
paraldehyde fuchsin, Groat's haematoxylin and indigo car- 
:mine staining procedure, and may be traced in the axon.
An NSC resembles the ordinary neurons in that it receives 
nerve impulses and conducts them, but it differs from the 
ordinary nerve cells in that it does not pass the 
impulses to other nerve cells or to effector organs such 
as mud es ; instead its axon ends against the wall of 
the blood vessel (in insects) or sinuses (in crustaceans) 
into which the hormones produced by the cell are discharged.
NSC have been described in many insects. In the 
protocerebrum of the pterygote insect brain two groups 
of NSC, namely the median neurosecretory cells (MNSO) 
and the lateral neurosecretory cells (LNSC), are known 
to occur. The MNSC lie close to the pars intercerebrdis. 
Their axons form the nervi corporis cardiaci interni 
(= NCCI, Pflugfelder, 1956-37; Hanstrflm, 1940). The 
axons of many of the NCCI of one side cross over to the 
other half of the pars intercerebralis and finally leave 
the brain from its ventral surface to enter the CC.
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The LNSC may lie either in the pars intercerebralis or 
more usually in the lateral part of the protocerebrum.
The axons of the LNSC pass directly to the rear of the 
brain to form the nervi corporis cardiaci externi 
(NCCII, Hanstr8m, 1940) which after leaving the brain 
enter the CC.
MNSC and LNSC are activated at some time during an 
instar and a substance is produced in the perikaryon of 
these cells. This is loosely described as neurosecretory 
material and occurs in the form of minute granules which 
may have a definite structure, the active component being 
enclosed in a capsule of a different substance (E. 
Scharrer, personal communication). According to 
E. Scharrer & S. Brown (1961) the formation of neurosecre- 
: tory granules in Lumbricus at least, is completed by 
the Golgi apparatus. Substances produced by the NSC of 
the protocerebrum are said to perform at least the 
following six functions:
1) activation of the prothoracic glands,
2) stimulation of protein synthesis in 
the gut (E. Thomsen & Moller, 1959),
5) control of water retention (Nayar,
I960),
4) control of egg development and
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oviposition,
5) control of the activity of the CC 
and CA, and
6) control of activity rhythms (Ozbas &
Hodson, 1958).
Neurosecretory material from the protocerebral NSC is 
transmitted via the NCCI and NCCII to the CC (E.
Scharrer & B. Scharrer, 1944; B. Scharrer, 1951, 1952a, 
b,c; E. Thomsen, 1954), and from the tritocerebral NSC 
also to the CC via the NCCIII (Dupont-Raabe, 1956, 1957, 
1958). According to Bupont-Raabe the hormone produced 
by the NSC of the tritocerebrum exerts an endocrine 
control over the diurnal colour changes of Carausius.
After a short sojourn in the CC the neurosecretory 
material is released into the blood in the lumen of the 
aorta. Thus the CC of insects are, by the definition 
of Carlisle & Knowles (1955), neurochaemal organs in 
which nerve terminations are in contact with a blood 
vessel or a blood sinus. The neurosecretory material 
does not actually enter the cells of the CC (Stutinsky, 
1952; Hanstr8m, 1955)« M. Thomsen (1954) concluded 
that the axons of the NCC diverge and branch in the CC 
and the neurosecretory material is stored in the termini 
of these axons. These termini appear as swollen
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structures filled with the stainable neurosecretory product. 
These structures resemble the herring bodies found in the 
vertebrate nervous system.
Little is known about the mechanism of controlling 
the discharge of neurosecretory material from the CC. 
Johansson (1958) has suggested that it may be controlled 
by nerve impulses coming from neurons other than the NSC. 
According to Hodgson & Geldiay (1959) neurosecretory material 
is released from the CC of Blaberus v/hen the animal is 
hyperactive or is under conditions which produce a 
symptom of stress, e.g. if electric shocks are applied.
Grandori (1954, 1955) has described in Musea and 
Calliphora, a capillary system surrounding the nerve 
cells of the brain and the cells of the CO. According 
to her these capillaries are in close contact with the 
cardiac nerve fibres and the tracheal system. They are 
said to be derived from subdivisions of haemolymphatic 
vessels. This capillary system starts in the anterior 
region of the brain and is a kind of drainage system 
whose function is the transport of neurosecretory material 
towards the CO. As far as is known Grandori is the only 
author who describes in insects such a method of 
transportation of neurosecretory material. She states 
that neurosecretory material from the axons of the NOG
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in the CC and the material secreted by the CC itself are 
given off into the aorta by these fine capillaries.
In crustaceans, a capillary system of this type 
is known (Matsumoto, 1954, 1956, 1958), but in insects 
its existence is not well established.
It is not yet certain whether the CC modify the 
neurosecretory product of the brain cells or are merely 
storage and release organs; but according to Possompes 
(1955), Vannucci (1955), sind others, their intervention 
is essential.
The potency of isolated active brain implants in 
Platysamia (Williams, 1948^ might suggest that the CC 
is not essential but Stum-Zollinger (1957) has shown that 
in this insect the severed fibres of the NCCI and NCCII 
regenerate structures analogous to the CC, and in these 
substitute organs the neurosecretory materials from 
median and lateral neurosecretory cells come together 
and are stored. In addition to their storage and release 
functions the CC may also act as organs of internal 
secretion. As described by Cazal (1948) there are 
two types of cell in the CC, the smaller cells, which 
he described as chromophobe cells, which are usually 
regarded as the glia cells; and the large chromophil 
cells. It seems reasonable to suppose that the large
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cells are the secretory cells. In an electron microscope 
study of the CC of cockroaches, Willey & Chapman (I960) 
have described v/ithin the large cells secretory granules 
up to 6000 S in diameter.
Effects of the CC extract on the heart and other 
organs have been described by Cameron (1955), Vannucci
(1955), 7/igglesworth (1954b), Herlant-Meewis (1956) and 
others. It might be argued that the effect produced 
by CC extract is not due to a secretion of these organs 
but to neurosecretory material which has been stored 
within them. However, Cameron (1955) suggested that the 
heart-activating substance, an orthodiphenol (but not 
adrenaline) does not come from the brain but from the 
CC. Phloxinophil secretory material has been recorded 
in the CC in Ephemeroptera (Arvy & Gabe, 1952a), Odonata 
(Arvy & Gabe, 1952b), Thysanura (Gabe, 1955b), Bombyx 
(Arvy, Bounhoil & Gabe, 1955), Plecoptera (Arvy & Gabe, 
1954a,b), Iphita (Nayar, 1956), Anisolabis (Ozeki, 1958b), 
Periplaneta (PÜller, I960) and Schistocerca (Highnam, 
1961), but no serious attempt has been made to equate 
this with the adrenaline analogue.
Neurosecretory material containing prothoracotrophic 
hormone is carried away from the CC in the blood stream, 
and when this hormone reacnes a threshold titre in the
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blood tue activity of the prothoracic glands is established, 
These glands produce the moulting hormone or ecdysone 
as noted above, and when in turn ecdysone reaches a 
threshold concentration it renders inactive the brain cells 
responsible for its evocation (Williams, 1947). It is 
not yet certain whether the brain NSC in the premoult 
larva are concerned only with the activation of the 
prothoracic glands. Kobayashi & Burdette (1961) state 
that pupation cannot be induced in the isolated larval 
abdomen of Calliphora by injection of the brain hormone 
alone or by injection of ecdysone alone but only by the 
combination of both hormones in certain proportions. They 
state, in fact, that both the ecdyson and the prothoraco- 
:trophic hormone are required to bring about pupation 
and that the brain hormone, in addition to activating the 
prothoracic glands, may also act directly on the tissues 
of the body. A conclusion which perhaps implies that 
the only hormone produced by brain cells is prothoraco- 
:trophic hormone which might also act on the body tissues. 
Fraser (1957), however, having separated the NSC in the 
larva of Lucilia into six groups on criteria of position, 
size, staining characteristics, time and duration of 
activity, claimed that it was probable that no more than 
three of these groups were concerned with thoracic gland 
activation, though all function during metamorphosis;
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and he suggested that the other NSC groups must be 
concerned in the control of other physiological processes 
associated with moulting and metamorphosis. It is not 
therefore necessarily prothoracotrophic hormone, but 
possibly another brain hormone which is required to act 
directly on the tissues along with ecdyson.
Chadwick (1955, 1956) claimed from the results of 
his extirpation experiments with Periplaneta nymphs, that 
moulting can take place even after the removal of the 
prothoracic glands. It would be safe to state that 
complete removal of the prothoracic glands is very 
difficult if not impossible, and the conclusion of all 
other investigators in the field of insect endocrinology • 
that the prothoracic glands produce the hormone ecdyson, 
which induces moulting - is accepted.
Recent observations on insect endocrine organs and neuro- 
isecretion
The various organs of internal secretion are in 
constant interaction with each other (Bodenstein, 1951,
1954). Until recently all the experimental evidence 
available supported the view that the outcome of a moult 
depends on the relative concentrations of ecdyson and 
juvenile hormone (neotenin) present in the blood of the
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insect at the time of the moult, and also on the degree 
of responsiveness of epidermal tissues towards these 
hormones (Bodenstein, 1954). In nymphal or larval 
stages a higher concentration of juvenile hormone and a 
lower concentration of ecdyson in the blood lead to a 
moult without metamorphosis. But at the last moult 
in Exopterygota or at the penultimate moult in Endopterygota 
there appears to be a shift in the balance between the 
ecdyson and juvenile hormone in favour of the former.
As a result of this the juvenile hormone can no longer 
exert its restraining influence on adult differentiation 
and thus metamorphosis occurs (Scharrer, 1946a; Bodenstein, 
1951, 1954; and others). Recently, however, Halbwachs 
et al. (1957), have shown that it is possible to achieve 
a partial inhibition of differentiation of wing lobes and 
genital apparatus by implanting extra ventral glands 
(prothoracic glands) into moulting nymphs of Locusta, i.e. 
precocious augmentation of the concentration of ecdyson 
inhibits differentiation. Wigglesworth (1961) has shown 
that the application of either pure juvenile hormone 
or of fame sol (which produces all the known effects of 
corpus allatum hormone on nymphs and adult females of 
Rhodnius) to the cuticle of fourth instar Rhodnius nymphs 
does not result in the restraining of differentiation of 
the wing lobes and external genital apparatus after the
103.
next moult. In other words, neither juvenile hormone nor 
its equivalent fame sol seems to have any inhibitory 
influence on the differentiation of these structures. 
Wigglesworth (1961) agrees v;ith Halbwachs et al. (1957) 
in concluding that the progressive increase in size of the 
wing lobes and progressive differentiation of the external 
genital apparatus during nymphal life is not under the 
control of juvenile hormone, though its presence is 
essential to prevent precocious metamorphosis. Thus 
according to Wigglesworth (1951) two distinct kinds of 
differentiation can be distinguished during the post- 
embronic life of exopterygote insects. In the first, 
represented by the progressive differentiation of such 
ectodermal structures as wing lobes, and genital appendages 
at nymphal moults, the degree of differentiation depends 
on the concentration of ecdyson and on the time at which 
a critical concentration of ecdyson is achieved. If 
the concentration of ecdyson reaches a high level in 
a short time, the cuticle will be laid down quickly and 
therefore differentiation will be limited. Delay in 
cuticle formation results in a greater degree of 
differentiation. The second kind of differentiation 
refers to the radical changes collectively known as 
metamorphosis.
Metamorphosis is under the control of juvenile hormone.
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According to Wigglesworth (1957a» 1961) the genes which 
are responsible for the formation of the larval type of 
cuticle are 'kept in action* by juvenile hormone, but 
at the last larval or nymphal moult - in the absence of 
juvenile hormone - those genes which are responsible for 
producing the adult type of cuticle and various other 
adult structures can now express themselves, while the 
former genes no longer exert their influence. It is 
interesting to note that Ozeki (1958a) observed that 
the development of male external genitalia in the earwig, 
Anisolabis, is not under the control of juvenile hormone 
but that juvenile hormone controls the development of 
internal reproductive organs.
Not all the axons of the NCC terminate in the CC 
but some of them pass through it to enter the CA on the 
same side. These form the nerve called nervus corporis 
allati (NCAI) as first described by HanstrSm (1940).
There is another nerve (NCAII) (see Chapter 1) connecting 
the CA with the suboesophageal ganglion (800). This 
nerve has been called the caudal nerve by Füller (I960). 
Although according to Bodenstein (1954) the causes of 
activation of the CA are uncertain, there is at least 
a fairly general agreement that the CA act under the 
influence of brain NSC, The neurosecretory material
105.
from the NSC of the protocerebrum is transported to the 
CA via the NCAI (Stutinsky, 1952; Arvy, Bounhoil &
Gabe, 1953; Arvy & Gabe, 1953a,b,c, 1954b; Bounhoil,
Gabe & Arvy, 1953> 1954; M. Thomsen, 1954a,b;
E. Thomsen, 1954; Nayar, 1956, and others).
According to Scharrer (1946c, 1952b, 1961) the brain 
NSC restrain the activity of the CA in Leucophaea. This 
observation was based on experimental evidence that after 
severing the connections between the brain and the CA, 
the latter increase in size, and become active. The 
first histological evidence to support this theory is 
presented in this thesis. However, according to 
another school of thought the neurosecretory material 
activates the CA. E. Thomsen (1952) thought that the 
stimulation might not be totally humoral but also 
partially nervous. Engelmann (1957) has claimed that 
control of the function of the CA (in Leucophaea) by 
the brain may either be nervous or through the neurosecretory 
material of the brain, though he thought the former 
more likely. He further asserted that the CA are 
excited by the 80G which is in nervous connection with 
these glands as noted above. Roth & Stay (1961) have 
found that mating stimuli activate the adult CA in 
the female cockroach.
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Diploptera
In addition to their role of restraining differentiation 
at larval moults discussed above, the CA also produce 
a gonadotrophic hormone in adult female insects (Pfiffer, 
1956, 1959; Wigp:le8worth, 1956, 1948; E. Thomsen,
1940; Scharrer, 1946b; Engelmann, I960, and others), 
the secretion of the CA being chemically identical in 
both cases (Pfeiffer, 1945; Wigglesworth, 1948, 1954a,
1961; Williams, 1959).
The CA of females show cyclic changes connected 
with reproductive activity (Scharrer, 1946b ; Scharrer 
& Van Harnack, 1961). However, this is not so in the 
case of the male though the male CA are not completely 
inactive during the adult life. The ovary in its turn 
exerts some effects on the activity of the CA since 
these glands often increase in size in castrated females 
(Von Harnack &, Scharrer, 1956, and others). The fact 
that the activated ovary restrains the activity of the 
CA has been interpreted by Johansson (1958) as a typical 
feed-back mechanism.
In addition to these functions, Engelmann (1959) 
concludes that the hormone of the CA in the cockroach, 
Diploptera, activates the accessory glands of the female
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genital apparatus and stimulates the secretory cells of 
the bursa copulatrix - the secretion of which facilitates 
the extrusion of the spermatophores. In the termite, 
Kalotermes (Lfischer & Springhetti, I960) the CA are 
said to secrete two different hormones which have 
different effects on the differentiation of castes.
In several cockroaches investigated by Barth (1961) the 
CA of adult females control the production of a volatile 
sex-attractant (sex pheromones or ectohormones).
Scharrer & Harnack (1958) in Leucophaea  ^ reported 
secretory granules within the cells of the CA, v/hich 
stained with paraldehyde fuchsin. They held that this 
intrinsic secretion was the active principle elaborated 
in the cytoplasm of the stellate cells of the CA and 
released into the body fluid surrounding these glands.
(2) Neurosecretion in insect embryos
Neurosecretion during post-embryonic development and 
in the adult female insect has attracted the attention 
of many workers but the possibility of, and problems 
associated with, neurosecretion during embryonic 
development have scarecely been considered yet. As far 
as is known, there are available only two contributions 
to the subject of neurosecretion in orthopteroid insects
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during embryogenesis. Jones (1956), in his comparative 
study of the diapausing eggs of Locustana pardalina (Wlk.) 
and the non-diapausing eggs of Locusta migratoria L.
(for which he used the standard chrome haematoxylin 
phloxin staining procedure) described large NSC at a 
very early embryonic stage (the third day after the cessation 
of diapause in L. pardalina) lying at the periphery of 
the protocerebrum just below the perilemma. He found 
that the ventral head glands of L. pardalina and 
L. migratoria reached their maximal activity on the 
sixth and eighth days, respectively, of their embryonic 
development. On the sixth day in L. pardalina and on 
the eighth day in L. migratoria a moult occurred, the 
epidermis retracting from the cuticle. Prom this 
coincidence and from his ligaturing experiments he 
concluded that the ventral head glands in locust embryos 
are responsible for the retraction of the cuticle from 
the epidermis. He does not mention anything about NSC 
in later embryonic development. He did not find neuro- 
:secretory material in the CA and there is no mention 
of the CC in his work.
Sharan & Sahani (I960) in a study of the 'provisional 
embryonic cuticles * of Dysdercus cingulatus (Hemiptera) 
also briefly described large peripheral protocerebral
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NSC in the early embryo and, like Jones, found that the 
CA did not show any cyclic activity and did not receive 
neurosecretory granules during embryonic development.
They too, did not mention the CC.
Püller (I960) studied neurosecretion in embryos, first 
to third nymphal instars, last nymphal instar, and adult 
males and females of Periplaneta americana L. He also 
studied neurosecretion in five nymphal stages and adults 
of Blatta orientalis L. He used both chrome haematoxylin 
phloxin and paraldehyde fuchsin stains. He detected the 
neurosecretory material in the CC of embryos that were 
ready to hatch within a few hours and of nev/ly hatched 
nymphs of the first instar but not in neurons of the pars 
intercerebralis until the second instar. These observa- 
:tions led him to two possible conclusions, that the 
CC cells produce the stainable substance themselves or 
that the endings of the nervi corporis cardiaci (NCC) 
produce the apparent secretory granules. The latter 
conclusion applies a neurosecretory hypothesis relating 
to vertebrates (advanced by Spatz (1955) and his school 
of thought), to an invertebrate. Füller (I960) 
did not find LNSC at any stage of development of either 
P. americana or B. orientalis. He did not describe 
cyclical changes in the CC or CA not did he find
110*
neurosecretory material in the CA before the fourth 
nymphal instar.
Though the CC of orthopteran insects have been studied 
extensively and have been described by many authors, e.g. 
by Hofer (1887), Police (19IO), Nabert (1915),
Bretschneider (1914), de Lerma (1955» 1957)» Pflugfelder 
(1957) » Cazal Sc Guerrier (1946), Cazal (1948), Scharrer 
(1951)» Nayar (1954), Füller (I960), Highnam (1961) and 
others, the presence of neurosecretory granules in the 
embryonic CC and the cyclical activity of the embryonic 
CC have not been reported as yet.
NSC were first noted in ventral ganglia (abdominal 
ganglia) of Lepidoptera by Day (1940). KBpf (1957) 
found neurosecretory cells in the thoracoabdominal 
ganglia of Drosophila. According to Scharrer (1941) and 
Kobayashi (1957) there are more NSC in the SOG of 
cockroaches and silkmoths respectively than in their 
brains. Fukuda (19512:»^ » 1952, 1955a,b,c^) and Hasegawa 
(1951, 1957) discovered that in Bombyx the SOG produces 
a diapause hormone, the production of which seems to be 
under the control of the brain. Harker (1960a,b,c) 
found that the rhythmic secretion of a hormone from 
NSC of this ganglion controls the circadian locomotory
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activity of P. americana. Although NSC in the SOG of 
nymphs and adults of P. americana are kno^n to occur 
(Scharrer, 1941; Drescher, I960; Füller, I960) they 
have not so far been described in the embryo. Due to a 
shortage of nymphs of P. americana, Scharrer (1941) could 
not establish with any certainty the stage at which NSC 
occurred first in the SOG of this species. Drescher 
(I960) also is silent on this point. As a matter of 
fact, Drescher (I960) describes only one large cell with 
a thick tubular axon as NSC situated in the ventro­
lateral position in the SOG. Füller (i960) mentions 
the presence of NSC in this ganglion only in the last 
instar nymphs and adults.
In view of the lack of detailed information on this 
subject it was decided that a careful histological study 
of the central nervous system (CN3) of embryos, nymphs 
and adults could provide valuable information on such 
matters as, the stage of development at which NSC are 
first distinguishable in the CNS, the distribution of 
NSC of the brain and SOG, the first signs of activity 
in each NSC group detectable by the ordinary light 
microscope, cyclical changes in the CC and CA during 
embryonic and nymphal life of P. americana and during 
nymphal life in B. orientalis. As far as is known.
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no one has presented (in P. americana and B. orientalis) 
histological evidence of a relationship between the 
activity of brain NSC and changes in the CC and of CA, as 
indicated by the changes in the concentration of nuclei, 
and the nuclear numher/cytoplasmic volume ratio in 
P. americana.
LIATERIAL AITD iîBTHODS
One hundred and sixteen embryos, nymphs and adults 
of P. americana of known ages were used in this study.
The number of B. orientalis used was 55* After removal 
of the antennae and mandibles, heads were amputated and 
fixed in one of the following fixatives: Gilson's,
Susa's, Helly's or aqueous Bouin. Of these, aqueous 
Bouin proved to be the most satisfactory for general 
purposes, though Helly's gave a better picture of 
neurosecretory material in the neurons and their axons.
The superiority of Helly's as a fixative for neurosecretory 
material has also been reported by Scharrer (1955^)*
Usually the tissues v/ere fixed for 12-24 hours.
Eggs of P. americana were incubated at 25^C, 
development taking 55-56 days at this temperature. A 
number of batches of P. americana nymphs were reared on 
dog biscuits and apples and kept in glass jars and 
small cages from the first instar to imago. Post-
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embryonic development took about 15 months, the number 
of nymphal instars being eleven. The heads of 
P. americana nymphs of known instars and those of adults 
of both sexes and of known ages were measured in the 
following way. Heads were removed and fixed in the 
chosen fixative in a cavity slide and the length and 
breadth observed with a binocular microscope fitted 
with a calibrated scale in one eye piece. The length 
of each head was measured from the hindermost part 
of the epicranium to the labrum, and the breadth from a 
point between the compound eye and antennal socket on one 
side to a corresponding point on the other side. These 
measurements were of some assistance in the identification 
of the instar of nymphs from a large laboratory colony 
of P. americana, although in P. americana the number of 
instars (and hence the number of moults) varies and 
the increase in size of the head after each moult is so 
small that Dyar's law could not really be applied.
Hence it is not possible to state with complete accuracy 
the instar of an individual taken at random.
Newly moulted specimens were normally selected, 
since it is easier to cut a non-tanned cuticle, but a 
few tanned nymphs belonging to third, fourth, and later 
instars were also used; the age in days of these
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specimens since their last moult being recorded. First 
and second instar nymphs were killed at short intervals 
of time throughout each instar and a complete set of 
serial sections of their heads was prepared. Adults 
of both sexes of P. americana were selected at the 
following stages: newly emerged (within 1 hour after
the moult and with their wings still crumpled), and 
1 hour, 4 hours, 9 hours, 12 hours, 18 hours, 48 hours,
72 hours, 15 days, 126 days, and 127 days after the 
final moult. In a few cases, prior to fixation, the 
adult brain was dissected out of the head.
In the case of B. orientalis» nymphs were not reared 
individually but newly moulted nymphs of various sizes
and adults of both sexes were taken from a large colony.
Tanned B. orientalis nymphs and adults taken a certain 
time after moulting were also used. Heads of 
B. orientalis were measured in the same way as described 
for P. americana. Specimens were embedded in Steedman's 
(1947) ester wax by the following method.
1. Specimens were brought to water or the appropriate alcohol depending on fixative, and washed for sufficient time to remove all fixative.•
2. 50% alcohol 4 hr
3. 50% alcohol 4 hr
4. 70% alcohol overnight (15 - 16 hr)
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5. 70% alcohol + cellosolve (equal parts) 2 hr
6. Cellosolve 2 hr
7. Cellosolve + ester wax (equal parts) 1 hr
8. Ester wax (1) 1 hr
9. Ester wax (2) 1-3 hr (depending onthe size of the specimen)
Frontal and sagittal sections were cut at 6\l and stained 
by the chrome alum haematoxylin phloxin method of Gomori 
(1941) (Bargmann, 1949) and by the paraldehyde fuchsin 
stain of Gomori, 1950 (Gabe, 1953a) using Groat's 
haematoxylin and indigo carmine as counters tains. The
material stained pink to purple-red by the latter method 
is hereafter referred to as PF+. Acid fuchsin and 
toluidine blue, acid fuchsin and trypan blue, and alcian 
blue and neutral red were also tried on a few serial 
sections of nymphal brain but proved to be of little 
value for this investigation. The two staining procedures 
used in the detection of neurosecretory material are given 
in detail below, the times being those which proved to 
be most suitable for the cockroach material. By far 
the best results have been obtained by the paraldehyde 
fuchsin staining procedure.
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(1) The chrome alum haematoxylin phloxin stain of 
Gomori (1941) adopted by Bargmann (1949) as a 
neurosecretory stain
Preparation of the stain
2.5 gm. haematoxylin is dissolved in 250 ml. 
distilled water and to this is added a solution of 
7*5 gm. chrome alum in 250 ml. distilled water. To 
this mixture are added 10 ml. of a 5% aqueous solution 
of potassium dichromate and 10 ml. of N/2 EgSO^. The 
mixture is ready for use after 48 hours.
Scott's tap water
As Glasgow tap water is relatively pure it is less 
effective as a rinse for blueing haematoxylin stained 
section, therefore, the sections had to be treated in 
alkaline Scott's tap water which is prepared by 
dissolving 3*5 gm. sodium bicarbonate and 20 gm. magnesium 
sulphate in 1,000 ml. distilled water.
Staining method
1. De-wax and bring sections gradually to water.
2. Refix in aqueous Bouin for 12-24 hours.
3. Wash in several changes of water to remove all traces of picric acid.
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4. Oxidise sections in an aqueous solutionof 0.5% potassium permanganate and 0.3%sulphuric acid for 1 minute.
5. De-colourize by rinsing very quickly (about 5 seconds) in 3% sodium bisulphite solution.
6. Rinse in distilled water.
7. Rinse in Scott's tap water.
8. Stain sections in chrome haematoxylin for 15 minutes.
9. Differentiate in acid alcohol for 25 seconds.
10. Treat sections in Scott's tap water in order to develop the blue colour of chrome haematoxylin.
11. Rinse in distilled water and counterstain with 0.5% aqueous phioxih stain. The sections now look red.
12. Rinse in distilled water for a short time and then put the slides in 5% aqueous phosphotungstic acid solution for about 2 minutes.
13. Rinse in distilled water and put in Scott's tap water until the sections again assume a bright red colour.
14. Rinse briefly in distilled water, followed by rapid dehydration in absolute alcohol.
15. Clear in xylol and mount in Canada balsam.
Results
Neurosecretory granules in the neurosecretory cells, 
in their axons, in the CC, and the CA, stain dark blue- 
black in colour. Some investigators have also identified
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phlcxinophilic material in these locations as neurosecretory. 
The ground cytoplasm stains purple, the nucleolus deep 
red, chromatin material black, muscle fibres pink, nerve 
fibres light blue, tracheae and tracheoles light blue to 
deep blue, neural lamella blue, and the covering sheath 
of the CC and the CA blue.
(2) The paraldehyde fuchsin stain of Gomori (1950) as 
adapted by Gabe (1953a) with counterstaining as recommended 
by Clark (Fraser. 1957)
Preparation of the stain
One millilitre conc. HGl and 1 ml. paraldehyde are 
added to 100 ml. of 0.5% aqueous solution of basic 
fuchsin and the solution is kept in a stoppered bottle 
at room temperature for at least 4-5 days. Each day a 
'spot test* is applied on a piece of filter paper. It 
can be seen that at first too much basic fuchsin appears 
in the centre of the blot, but this diminishes gradually 
as the solution ripens. In a fully mature solution 
there is no longer a trace of basic fuchsin in the centre 
of the blot. The solution is now ready for use. It 
is filtered and the residue on the filter paper is kept, 
while the filtrate is discarded. The residue is 
dissolved in 100 ml. of 70% alcohol. This is the stock 
solution which can be stored at 4^C for as long as a
119.
month. For staining, 25 ml. is taken from the stock 
solution, and 75 ml. of 70% alcohol and 1 ml. of glacial 
acetic acid are added. This mixture is freshly prepared 
on the day of use.
Preparation of Groat*s haematoxylin
0.8.ml. conc. is mixed with 1 gm. iron alum
in 50 ml. distilled water. 50 ml. 90% alcohol and 
0.5 gm. haematoxylin are added to this mixture, and the 
whole is shaken well until the solids are dissolved.
The mixture is filtered, the fine precipitate rejected 
and the filtrate is stored in a glass stoppered bottle 
and is ready for use the next day.
Staining method
1. De-wax and bring the sections gradually to water.
2. Oxidise sections for 1 minute in an aqueous solution containing 0.5% sulphuric acid and 0.3 potassium permanganate in equal parts. This oxidising solution should be discarded after one hour and a new solution prepared.
3# Rinse in water and put the slides in2.5% aqueous sodium bisulphite solution till the sections become white. It usually takes 40-45 seconds to decolourise them. Care should be taken not to keep the sections any longer in this reducing solution after they become white otherwise the reaction will be reversed and the neurosecretory material will not stain with paraldehyde fuchsin. On the other hand, if the
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sections are not allowed to become completely white, the presence of the slightest tinge of yellow colour will interfere with the staining. This is the critical stage in the whole staining procedure, where great caution is needed.
4. Wash in running tap water for about 3 minutes.
5. Stain in paraldehyde fuchsin solution for about 5 minutes.
6. Differentiate in acid alcohol for about 5 minutes.
7. Rinse briefly in Scott's tap water.
8. Stain sections in Groat's haematoxylinfor about 2 minutes.
9. Wash in fresh Scott's tap water for nearly 30 seconds.
10. Rinse briefly in distilled water.
11. Stain for about 30 seconds in asolution of 0.25 gm. indigo carmine in 100 ml. saturated aqueous solution of picric acid.
12. Drain off the excess indigo carmine solution. Blot dry. Dehydrate the sections rapidly in absolute alcohol where they will lose their excess green colour.
15. Clear in xylol and mount in Canada balsam.
Results
Nuclear and cell membranes, the cytoplasm of the 
ordinary neurons and the neuropile stain grey. The
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chromatin material stains black, sometimes grey or green. 
The general background stains grey or green. The muscle 
fibres are green. Neuorsecretory material stains a 
brilliant purple colour. The cytoplasm of certain 
neurosecretory cells may, at some stages in the secretory 
cycle, appear to stain a uniform faint pink or purple 
colour but generally the cytoplasm stains grey. The 
coarse granules in the ubiquitous haemocytes, the large 
gliosomes of glia cells, part of the cuticle of tracheae 
and tracheoles, newly laid down cuticle, intima of the 
gut, and the neural lamella stain pink to purple-red. 
Other staining procedures used for the study of the 
morphology of the nervous system include haemalum and 
eosin staining, iron alum and Heidenhain's haematoxylin, 
the modified haematoxylin method of Wigglesworth (1953)» 
Bodian's activated protargol technique suggested byI
Powers (1943), Romanes (1950) silver method, and the 
osmium ethyl galate method of Wigglesworth (1957^»
1959b).
OBSERVATIONS
Section I; Neurosecretory Cells in the Protocerebrum
In each half of the protocerebrum of the 42-day 
embryo of P. americana there are not fewer than nine
Figure 53. Diagram of thé protocerebrum of a 42-day- 
embryo of p. americana showing the 
location of median, lateral and ventral 
neurosecretory cells. MSG, median 
neurosecretory cell; INSG, lateral 
neurosecretory cell; Ext.G, external 
calyx of corpora pedunculata; Int.C, 
internal calyx of corpora pedunculata.
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active NSC in the median pars intercerebralis, three in 
the lateral part of the protocerebrum, and four ventral 
to the protocerebral neuropile (Fig. 53). These can 
be termed median, lateral and ventral (or para- 
connectivus, see Chapter 4) KSO, respectively. It may 
be noted here, although it will be discussed more fully 
later, that any neuron which is seen to contain secretory 
granules may be regarded as an active neurosecretory cell.
In addition to a diffuse purple-red colouration of 
the cytoplasm, PF*** granules are evident in the perikaryon 
and in the axon-hillock of these cells. In the 50-day 
embryo none of these neurons possess PF*^  material although 
several can readily be identified. Thus a neuron with 
large vacuoles located ventro-lateral to the internal 
calyx of the corpus pedunculatum in the median pars 
intercerebralis can still be identified by its typical 
shape, size and position (Fig. 25). This cell in the 
42-day embryo would have had purple-red cytoplasm and 
sparse purple-red granules in the perikaryon and axon- 
hillock (Fig. 53). In the 50-day embryo there is also 
one lateral NSC with sparse PF**" granules in its cytoplasm. 
In the 5^“ S^Ly embryo five median KSG and one lateral HSC, 
containing PF^ granules, occur in each half of the 
protocerebrum (Fig. 5^)*
Figure 54. Diagram of the protocerehrum of a 54-day 
embryo of P. americana showing the 
median and lateral neurosecretory cells. 
Lettering as in Figure 53•
L N S C
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MN SC
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Figure $4.
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In the newly hatched (half-hour) first instar nymph 
nine median NSC with PP"*" granules and small vacuoles in 
the cytoplasm occur in each half of the brain (Pig* 55). 
The activity of these particular cells in freshly hatched 
nymphs must, of course, have commenced in late embryonic 
life but active median NSC in various loci can be seen 
throughout the 12)6 days* duration of the first instar.
PP*** granules occur commonly in the axons of the NCCI, 
this material becoming particularly abundant in the latter 
days (8-12) of the first instar, indicating an increase 
in the flow of neurosecretory material in the premoult 
period. Certain of these cells which have a precise 
location are known to have phases of activity in the 
late embryo and again in the first instar. Por example, 
two median NSC located near the anterior limit of the 
pro to cerebrum and active in the 42-day embryo (Pig. 55)» 
appear again in the first instar, four hours after 
hatching; while a large cell ventral to the internal 
calyx of the corpus pedunculatum, which contains abundant 
PP"** material in the 5^-day embryo (Pig. 54-), appears 
again in the eighth day of the first instar. The 
lateral NSC could not be seen in the first instar brain 
until the third day, persisting until the eighth day, 
but PP"*" granules are found in the NCCII for some days 
after this. Lateral NSC have now increased in number
Figure 55* Diagram of the protocerebrum of a first 
instar nymph ()6 hr old) of P. americana, 
showing median neurosecretory cells. 
Lettering as in Figure 55*
Figure $6. Diagram of the protocerebrum of a first
instar nymph (5 days old) of P. americana, 
showing median, lateral and ventral 
neurosecretory cells. Letting as in 
Figure 53*
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to six or eight in each half of the brain (Fig. $6). 
Ventral ]^ 8C which were noted for the first time in the 
42-day embryo appear again in 5-8 day-old instar nymphs 
(Fig. 56).
Median, lateral and ventral ITSG can also be found
in the protocerebrum of later nymphal instars in which
they show similar definite cycles of activity. They 
also occur in adults of both sexes. Medium-sized and 
small NSC, some of which are full of PF**" granules, can 
be seen in the brains of newly moulted nymphs (Fig. 57) 
and newly moulted adults of both sexes. These cells are 
obviously homologous with the median NSC already noted 
in the first instar. An attempt to classify the NSC
of the protocerebrum further is made in Chapter 4 of
this work.
In newly moulted adult females some of these 
median cells lose all their secretory granules about 18 
hours after the moult and although median NSC containing 
sparse PF"** secretory granules can be found in young 
adult brains, PF*** material does not again become 
abundant in these cells until sexual maturity is attained. 
Brains of individuals of both sexes taken in copulation 
contain numerous prominently stained NSC.
The numbers of median, lateral and ventral NSC
Figure 57* Photomicrograph ,of frontal section of 
the brain of a last instar 9 nymph of 
P. americana, 1 hour after moult, 
showing median neurosecretory cells 
(MNSC), lateral globuli cells (LGC) of 
corpora pedunculate, a portion of the 
internal calyx (Int.C) of corpora 
pedunculata. Note the presence of 
PP- granules all along the axon of a 
median neurosecretory cell.
IntC
LGC
M N S C
%
Figure 57.
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vary from individual to individual in a given nymphal 
instar and in the adult stage. Ffiller (I960) asserts 
that there are 18-20 NSC in the protocerebra of second 
instar nymphs, 50 NSC in third instar nymphs, and 45-50 
NSC in last instar nymphs and adults of P. americana.
His estimate of the number of NSC in second instar is 
certainly low and for NSC in adults it is very low.
The number of NSC found in the brains of individuals 
of the same age and apparently in the same physiological 
state can vary, but more marked and much more significant, 
is the variation in the number of NSC found at different 
stages in a given instar. NSC have been observed and 
counted in all stages from the embryo to the adult. The 
most complete record has been obtained for the NSC of 
first instar nymphs (see Table 1). From this it can be 
seen that the maximum number of NSC observable in the 
protocerebrum in the first instar increases from seven, 
shortly after the moult, to a maximum of twenty-five 
on the fifth day, and declines sharply after the eighth 
day. A similar increase and decrease in number can 
be observed in the later instars. The total number of 
active NSC is greater in each successive instar so that, 
for example, it is possible to find in each half of the 
protocerebrum of a last instar female nymph, which has
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just moulted, no fewer than 82 median NSC alone; while 
in the adult the number of median NSC may reach 180 just 
after the moult. At the same time the number of lateral 
NSC will be about 50 and of ventral NSC 10. Table 2 
indicates the numbers of NSC observable in the protocere- 
:bra of females at different stages of adult life. The 
difference between the last two adults of approximately 
the same age can be related to differences in reproductive 
activity. Some of the smaller and medium-sized median 
NSC appear to be packed with neurosecretory material.
This is never so in the case of lateral and ventral NSC. 
Thus in the median NSC there appear to be two phases of 
activity, firstly, a storage phase in which the rate of 
accumulation is much greater than the rate of discharge 
and, secondly, a discharge phase when the accumulation 
or synthesis of neurosecretory material has ceased.
On the other hand, it seems reasonable to assume that 
when the lateral and ventral NSC are active they produce 
neurosecretory material which is rapidly discharged 
without being stored in the perikaryon. Contrary to 
a recent statement by Highnam (1961) concerning NSC in 
Schistocerca, vacuoles of different sizes have been 
observed in some of the NSC of P. americana, at certain 
stages of development after paraldehyde fuchsin staining.
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Figure 58. Photomicrograph of the frontal section of 
the brain of a last instar 9 nymph of 
P. americana, killed 1 hour after 
moulting, showing abundant PF"*" granules 
in two roots (PI, P2) of the NCCI.
PPCNp, protocerebral neuropile; MNSC, 
median neurosecretory cell; LGC, 
lateral globuli cells; Int.CX, a portion 
of the internal calyx.
Figure 59* Photomicrograph of the frontal section 
of the brain of an adult 9 P. americana, 
killed 18 hours after moulting, showing 
the NCCI and its two roots. Lettering 
as in Figure 58.
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Fraser (1957) also observed vacuoles in the NSC of 
Lucilia and Calliphora larva at certain times during 
their development.
In the NSC of P. americana and B. orientalis 
the PF"^  granules not only surround the vacuoles but 
may also occur inside them. The presence of 
neurosecretory granules in the cytoplasmic vacuoles 
has also been reported by Nayar (19552.) Ln the living 
NSC of gall midges.
Section II: Nervi Corporis Cardiaci
a. Nervi corporis cardiaci interni
The NCCI is formed by the axons of the median NSC 
as noted above. The prechiasmatic NCCI has two 
distinct roots (Figs 58, 59) as stated in Chapter 1 
(p./% ). Axons in each of these roots may contain 
abundant PF”*' granules in freshly moulted nymphs and 
adults. The NCCI despite an assertion to the contrary 
by Drescher (I960), do cross (Fig. 60) before leaving 
the brain from its ventral side, as first noted by 
Hanstrdm (1940) in the pars intercerebralis of 
P. americana and B. orientalis. Neurosecretory material 
can be found in the axons of these nerves proximal to 
the point of crossing, and not solely in the distal
NCCI
< <î» ^
Figure 60.
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parts of the nerves as recently recorded in Schistocerca, 
by Highnam (1961). The product is, hovæver, 
discontinuously distributed along the nerves, as he 
described, indicating phasic activity of NSC discharging 
neurosecretory material at short intervals of time.
The NCCI of P. americana and B. orientalis» unlike 
those of Schistocerca* may contain abundant neurosecretory 
products (Fig. 61) in newly moulted individuals at all 
stages including immature adults.
b. Nervi corporis cardiaci externi
The NCCII is formed by the axons of lateral NSC 
as noted above.
Füller (196G) did not find lateral NSC in the 
protocerebrum of either P. americana or B. orientalis 
nor did he find neurosecretory material in the NCCII; 
but the author has recorded its occurrence in these 
nerves for the first time (in both species of cockroach) 
especially when they enter the anterior part of the 
CC together with the NCCI (Fig. 62), in accordance with 
his observations on lateral NSC in late embryos and in 
nearly all instars. The NCCI and NCCII may have 
abundant peripheral and some central neurosecretory 
granules when these nerves are entering the CC.
Figure 62. Photomicrograph showing neurosecretory
granules (Gr) in the extra-cerebral nervi 
corporis cardiaci interni (NCCI) and nervi 
corporis cardiaci externi (NCCII) of an 
adult 9 P. americana killed 4 hours after the 
moult. Note also the anterior part of 
the corpus cardiacum (CC).
NCCE
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G. KCCIII
ECOIII arises from the inner antero-lateral part 
of the tritocerehrum and innervates the CO (see 
Chapter 1). Eeurosecretory material may be seen in 
the NCCIII when it is Just entering the CC or even for 
a short distance before its entrance into the CC. 
Neurosecretory granules were never observed along the 
length of the NCCIII from its point of origin to its 
point of entry into the CC. Therefore it is possible 
that the neurosecretory granules seen in the NCCIII 
for a short distance in the vicinity of the CC are the 
neurosecretory granules of the CC brought by the NCCI 
and NCCII, and that these granules were on their way 
to the tritocerebrum via the NCCIII.
Though in the 42-day embryo and some freshly 
moulted nymphs and adults of both sexes, the cytoplasm 
of a few cortical nerve cells of tritocerebrum stains 
diffuse light purple and contains a few PN'*' granules 
(see Chapter 4), and in spite of the fact that sometimes 
in overstained sections some of the axons of the 
tritocerebrum and a few axons of the NCCIII stain 
diffuse purple, the author thinks that at present it 
would be unwise to assign to these nerve cells a 
definite neurosecretory function because no neurosecretory 
cycle was observed in them (see Chapter 4); it would
also be Jumping to an as yet unwarranted conclusion to 
state here that neurosecretory material is transported 
from tritocerebrum via the NCCIII to the CC, because 
no distinct PP'*' or CH"^  granules have been observed 
throughout this nerve. However, if in cockroaches 
there is a transport of neurosecretory material from 
the tritocerebrum to the CC via the NCCIII, as shown 
by Dupont-Haabe (1956, 1957, 1958) in Carausius, the 
amount of neurosecretory material might be very small 
and perhaps transported in a diffuse form. This is 
merely a possibility. However, the problem of 
neurosecretion in the tritocerebrum in cockroaches 
certainly needs further study (see Chapter 4). The 
problem of transport of neurosecretory material either 
to or from the tritocerebrum (both possibilities should 
be kept in mind) via the NCCIII also needs further 
investigation, especially by ligaturing this nerve to 
observe histologically whether the maximum accumulation 
of neurosecretory material is in that part of the 
NCCIII which is towards the tritocerebrum and can 
receive neurosecretory material from H t  alone or is on 
the other side, which can obtain neurosecretory 
material from the CC alone. In this connection, 
perhaps it would not be out of place to mention that 
Willey (1961) could not find neurosecretory material
in the NCCIII of cockroaches he investigated, either.
Section III; Corpora Cardiaca
In P. americana and B. orientalis the CC are 
paired structures. They are oviform, or pear-shaped, 
and lie behind the brain, above the gut, close to the 
aorta and on either side of the recurrent nerve (see 
Chapter 1 above).
During the earlier part of the embryonic develop- 
:ment of P. americana the development of the CC is 
gradual and continuous, but in the 42-day embryo they 
are notably enlarged and contain, for the first time, 
fine PP"*" granules (Pigs 50, 51) * There is a subsequent 
decline in size in 50 and 54-day embryos accompanied 
by a marked decrease in the amount of neurosecretory 
material stored in these organs.
The CC of a half-hour-old first instar nymph 
(Pig. 63) are smaller than those of a 42-day embryo 
and contain a few minute PP"^  granules; but within 
four hours after hatching they start to increase in 
size and the PP"*" granules become coarse and dense, 
and increase in size and number. Thereafter the CC 
gradually increase in volume until maximum size is 
attained at the sixth day and maintained until the 
eighth day (Pig. 64). The volume then declines towards
Figure 63* Photomicrograph of a frontal section of 
the corpora cardiaca (CC) of a half-hour- 
old first instar nymph of P. americana 
showing a few PF-positive neurosecretory 
granules (Gr). , RN, recurrent nerve;
Ao, aorta; Ces, oesophagus.
Figure 64. Photomicrograph of a frontal section of 
the corpora cardiaca of an 8-day-old 
first instar nymph of P. americana ■ 
showing PF-positive neurosecretory material(Grr) 
The corpora cardiaca have increased in 
size. Lettering as in Figure 63-
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the end of the instar, i.e. about the thirteenth day, 
as does the amount of PF"*" material. Increase in 
the size of the CO appears to be due partly to an 
increase in the volume of cytoplasm, but could also 
be due partly to an increase in the amount of 
neurosecretory substance stored in these glands 
(Arvy & Gabe, 1952b; Highnam, 1958), and the 
impression is gained that neurosecretory material 
accumulates in the CC up to the eighth day and is then 
discharged.
Again, in the newly moulted second instar nymphs 
of P. americana, the CC are at first smaller than they 
were at their peak in the previous instar. The same 
cycle of increase and decrease of volume and of 
accumulation and depletion of neurosecretory material 
is repeated in all nymphal instars (Figs 55, 66). In 
each successive instar the quantity of neurosecretory 
product, demonstrable either by paraldehyde fuchsin or 
chrome haematoxylin staining, within the CC at the 
time of maximum accumulation, appears to exceed that 
in the CC of the preceding instar at the corresponding 
time.
Although the quantity of neurosecretory material
Figure 65. Photomicrograph of the frontal section of 
the corpora cardiaca of a third instar 
nymph of P. americana about the stage of 
maximum accumulation of neurosecretory 
material. Paraldehyde fuchsin stain.
CC, corpora cardiaca; Ao, aorta;
RN, recurrent nerve; Gr, PF-positive 
neurosecretory material.
Figure 66. Photonicrograph of the frontal section of 
the corpus cardiacum of a freshly 
moulted nymph of B. orientalis. Chrome 
haematoxylin phioxin stain. CC, corpus 
cardiacum; DC, dorsal commissure;
Gr, CH-positive neurosecretory material.
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may diminish towards the end of an instar it is still
present in appreciable amounts in newly moulted
individuals including young adults of both sexes,
although there is less in, say, a 72-hour-old adult
female than in one which had moulted 48-hours
prior to fixation of its head. Finally, PF"*' granules
are again abundant in the CC of mating individuals.
Few large cells of the CC appear to contain intracellular
PF"^  granules. Neither inter- nor intracellular
phloxinophilic material could be seen in the CC stained
by the chrome haematoxylin phloxin procedure.
Phloxinophilic intrinsic secretion of the CC has been
described by Stukinsky (1952) and Füller (I960) inbcockroaches, Ozeki (195^ in Anisolabis and Highnam 
(1961) in Schistocerca.
The axons of the NCCI and NCCII lie mostly at the 
base of the CC and extend around the periphery though, 
some of the axons are also present in the central 
part of the glands. Thus the neurosecretory material 
is usually found mostly towards the periphery of the 
CC but when present in large amounts it also occurs 
in the central part. This neurosecretory material 
is to be found between the cells of the CC stored in 
the swollen termini of the axons of the NCC.
-LpD
Section IV: Corpora allata
The CA of later embryos, nymphs and most adults 
of P» americana are ovoid in shape. They lie on 
either side of the hypocerebral ganglion and dorso­
lateral to the gut. Owing to a considerable increase 
in size, they tend to shift downwards lateral to the 
gut in the sexually mature adult female. In the 
locust embryo the oval CA are said, by Jones (1956), 
to assume after katatrepsis their * customary position* 
on the * lateral side’ of the gut. In the 42-day 
embryo of P. americana the CA are not in this position 
which is occupied by deceptively similar muscle block 
and there are, as might be expected (Wigglesworth, 
1956), several haemocytes containing large PF**" granules 
associated with the developing muscles. The location 
of the CA in Locusta migratoria give by Ozbas (1957) 
agrees with the author’s location of these organs in 
P. americana.
Fuller (I960) did not find neurosecretory granules 
in the CA of P. americana either in the embryos or in 
1st, 2nd or 3rd instar nymphs but in the present 
observations PF*** granules can first be seen in the 
CA on the forty-second day of embryogenesis, becoming 
commoner in 30 and 34-day embryos (Fig. 52). The CA
Figure 6?. Photomicrograph of the frontal section of 
the corpora allata (CA) of a 7-day-old 
1st instar hymph of P, americana, showing 
a few PF"** neurosecretory granules (Gr). 
Hg$ hypocerehral ganglion; Ao, aorta; 
Oes, oesophagus.
Figure 68. Photomicrograph of the frontal section of 
the corpora allata of a 7-day-ol<i 1st 
instar nymph immediately posterior to the 
section shown in Figure 57. Note the 
presence of PF'*’ granules in the corpora 
allata. Lettering as in Figure 67.
Figure 69. Photomicrograph of the frontal section of 
the corpora allata of a 12-day-old 1st 
instar nymph of P. americana showing 
abundant PF"*" neurosecretory granules. 
Lettering as in Figure 67.
Figure 70. Photomicrograph of the frontal .section of 
the corpora allata of a 7-<3.ay-old 2nd 
instar nymph of P. americana showing 
abundant PF"*" neurosecreoty granules. 
Lettering as in Figure 67*
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•I
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of the 42-day embryo have more cytoplasm and a lower 
nuclear density than in later embryos. Neurosecretory 
substance is rare in the CA of first instar nymphs 
for the first six days but increases in concentration 
from the seventh to the twelfth day (Figs 67, 68, 69), 
persisting in the CA of newly emerged second instar 
nymphs.
The second instar CA are small at first but there 
is an increase in size a few days after the moult, 
due to an increase in volume of cytoplasm with a 
corresponding decrease in the concentration of nuclei. 
At the same time, there is a decline in the amount of 
.neurosecretory product present. A few days before 
the second moult the neurosecretory material is again 
more abundant in the NCAI and in the CA (Fig. 70) 
where it lies intercellularly, while the glands become 
slightly reduced in size. This pattern is repeated in 
later nymphal instars.Gf special interest are the 
CA of freshly moulted last instar nymphs killed one 
hour after moulting (Fig. 71), and those of adult 
females sacrificed less than one hour after moulting 
(Figs 72, 73). These are small, have abundant 
neurosecretory material, little cytoplasm, and 
concentrated small nuclei. But the CA of a last
Figure 71. Photomicrograph of the frontal section of 
the corpus allatum (CA) of a last instar 
9 nymph of P. americana, 1 hour after the 
moult, showing abundant PF-positive 
neurosecretory granules (Gr). Note also 
the high nuclear density and low cyto- 
:plasmic volume* Note the axons in the 
central part of the corpus allatum. 
Compare with figure 7h which is at the 
same magnification.
Figure 72. Photomicrograph of the frontal section of 
the corpus allatum (CA) of an adult 9 
P. americana (within 1 hour after moult), 
showing abundant PF-positive neurosecretory 
granules (Gr), high nuclear density and 
low cytoplasmic volume.
CA
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Figure 73* Photomicrograph of the frontal section of 
the corpus allatum (CA) of an adult 9 
P. americana (within 1 hour after moult), 
showing abundant PF-positive neurosecretory 
granules (Gr). Hg, hypocerebral ganglion; 
Ao, aorta; note also neurosecretory 
granules at the periphery of the hypo- 
:cerebral ganglion. Same section as 
shown in Figure 72 but at a lower 
magnification.
Compare with figure 75 which is at the 
same magnification.
Figure 74. Photomicrograph of the frontal section of 
the corpus allatum (CA) of last instar 9 
nymph of P. americana, 9 hours after 
moulting, showing sparse neurosecretory 
granules (Gr), low nuclear density and 
high cytoplasmic volume.
CA
Figure 73-
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Figure 75* Photomicrograph of the frontal section of 
the corpus allatum (CA) of an adult 
$ americana, killed 1^ hour after the 
moult, showing sparse neurosecretory 
granules (Gr), Hg, hypocerebral ganglion.
% HG
Figure 75*
instar nymph 9 hours after the moult (Fig. 74) and 
similarly the CA of an adult female, more than 1 
hour after the moult (Fig. 75), are large and contain 
sparse neurosecretory material, non-aggregated and 
bigger nuclei, and abundant cytoplasm. According to 
Scharrer (1952a,h, 1958, 1961), Engelmann (1957) and 
Idscher & Engelmann (I960) an increase in absolute and 
relative amounts of cytoplasm accompanied by a decrease 
in the concentration of the nuclei, and increase in 
the nuclear diamter (Scharrer, 1961) are characteristic 
of an active CA, the reverse being true for an inactive 
CA. Thus the CA of ffeshly moulted nymphs and adults, 
described just now, are inactive but as soon as most 
of the stainable neurosecretory material disappears 
from the CA of these animals these glands show all 
the characteristics of an active gland. While the 
neurosecretory substance is abundant in the CA of 
freshly moulted last instar nymphs and adults it is 
rare in the CA of sexually mature adults. The CA 
of the adult female gradually increase in size after 
the last moult. The CA of adult females 15 days after
moulting are definitely larger than those of 72-hour
individuals. The CA of mating individuals are also 
notably enlarged, the CA of the female being much
larger than those of the male.
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Section V; Suboesophageal Ganglion
The first sign of neurosecretion in neurons of 
the SOG of P. americana occurs in the 42-day embryo 
and can be seen subsequently in the 50 and 5^-day 
embryos and at some time in every subsequent instar. 
In any one specimen some cells will show a varying 
degree of pink or faint purple staining of cytoplasm 
v/hile in others PF**" granules are present in varying 
amounts. If a cell with a definite location is 
observed in a large number of specimens it can be 
seen that at one time, the cytoplasm stains a uniform 
pink to light purple colour, while at another there 
are only a few pink to light purple granules and 
vacuoles in addition to the same colour of cytoplasiÿ. 
Again, at another time, the same neruosecretory cell 
may be loaded with dark purple granules or small 
SLggregates of granules. The appearance of any ITSC 
at a given time probably depends on the stage in the 
secretory cycle at which it was fixed as well as on 
the chemical nature of its product. Sometimes fine 
PF**" granules were also observed in nerve fibres in 
the antero-median and ventro-posterior part of the 
neuropile in this ganglion. (For location of NSC 
in this ganglion see Chapter 4.)
Figure 76. Photomicrograph of frontal section of 
brain of a freshly moulted nymph of 
B. orientalis, showing a small 
neurosecretory cell (NSC) lying antero­
lateral to the internal calyx (Int.CX) 
and in between the lateral globuli cells 
(LGC). This neruosecretory cell has 
probably been recruited from the 
lateral globuli cells.
Int.CX
LGC
LGC
NSC
Figure ?6.
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Section VI: Recruitment of NSC from Globuli Cells
Small NSC occur towards the anterior limit of the 
median pars intercerebralis, close to, and at the 
border of, the lateral group of globuli cells of the 
internal calyx of the corpus pedunculatum. These 
NSC can sometimes be seen lying in the same row as the 
lateral globuli cells and occuring in between the 
globuli cells (Fig. 76). These NSC certainly possess 
a greater volume of cytoplasm in the perikaryon than 
do the globuli cells, and contain PF"*" granules, but 
the nuclei of these NSC are remarkably similar in size 
and staining properties to those of neighbouring 
globuli cells. It can be recalled here that the 
nuclei of the globuli cells are rich in chromatin 
material and stain darkly with haematoxylin. From 
the position, size, and the similarity of the nuclei, 
it therefore seems reasonable to assume that these NSC 
are recruited from lateral globuli cells or, in other 
words, some of the lateral globuli cells acquire 
more cytoplasm and become NSC,
Section VII: A Histological Investigation of an
Abnormal 29-day-old First Instar Nymph
In a batch of 15 first instar nymphs of P. americana
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mounting occurred 12)6-13 days after eclosion but one 
exceptional individual which failed to moult was 
killed after 29 days. A histological examination of 
its brain revealed the following facts:
(a) The level of meristematic activity in
the brain was quite low, only six dividing cells being 
present in the whole brain in the four formation 
centres of the globuli cells of the corpora pedunculate. 
There are about 50-40 such dividing cells in a normal 
first instar nymph.
(b) A few PF’*’ granules were to be found in the 00 
and still fewer in the CA, and the nuclei of these 
glands were noticeably smaller than normal.
(c) The size of the GO and the CA, though 
bigger than that of a first instar nymph }6 hour after 
hatching, was smaller than those of 6-8 days first 
instar nymphs.
(d) There was not a single PF*** neuron in the 
protocerebrum.
(e) No neurosecretory material was seen in 
transit in the NCO, and it must be assumed that the 
sparse neurosecretory material present in the CC must
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have been reserves of material transmitted from the 
brain NSC some time previously.
It is evident, that, in this abnormal nymph, the 
brain NSC which normally stimulate directly or indirectly, 
processes of growth and development were not functioning.
DISCUSSION
The NSC are found in the brain of the embryo of 
P. americana as early as 42 days. The suggestion of 
Fûller (I960) that brain NSC do not start their 
secretory activity, in P. americana, until the second 
instar, and his consequent assumption that the 
neurosecretory material occurring earlier in the CC 
is formed in loco, must be refuted.
Large peripheral cells in the embryonic protocere- 
:brum, described as neurosecretory cells in the locust 
embryo by Jones (1956), and in the embryo of Dysdercus 
by Sharan & Sahani (I960), certainly occur in the brain 
of the embryo of P. americana at a time when neurons 
have not become differentiated in that location. These 
large cells can be identified as neuroblasts, some of 
which contain an inner layer of cytpplasm which is 
moderately PF'*’ but these neuroblasts do not, of course,
possess axons nor does neurosecretory material occur 
in the developing CC at this time. In the mature larva 
of Musea domestica Panov (1957) described similar large 
vacuolated peripheral cells in the protocerebrum, which 
h,e, too, identified as neuroblasts.
At the forty-second day of embryonic life the brain 
has developed a structure which is morphologically 
similar to that of the early nymphal instars, and which 
subsequently remains essentially the same throughout the 
insectfs life (see Chapter 2 above). After this stage 
the only changes which occur are a steady increase in 
number and cytoplasmic volume of the neurons, a gradual 
increase in size of the neuropile and an increase in the 
number of glia cells and NSC of the protocerebrum.
There are indications that neurons of particular 
types, or groups, function at equivalent times in 
successive instars. According to their location, the 
NSC of the protocerebrum of both species of cockroaches 
fall into three major groups; median NSC whose axons 
characteristically cross to the opposite lobe before 
leaving the brain, lateral NSC whose axons characteristically 
take a direct exit course, and ventral NSC whose axons 
are now known to join those of the median NSC to form
the NGCI (Willey, 1961). The occurrence of lateral 
and ventral NSC in P. americana and B. orientalis is 
recorded here for the first time. These three NSC 
groups can be demonstrated by the staining procedures 
already described, at some time in all stages of 
development, from the 42-day embryo to the sexually 
mature adult, as can the NSC of the suboesophageal 
ganglion.
The PF"*" material in NSC of embryos and newly hatched 
first instar nymphs does not appear in the same abundance 
as in NSC of later instars. The granules are small, 
fine, and dispersed and must be sought with care.
The fact that in any given cell the stainable 
substance is scarce may indicate either a low rate of 
production or a high rate of production conjoined with 
a high rate of discharge. NSC in last instar nymphs 
and adults interpreted by Fuller (I960) as very active 
cells, may either be cells in which the rate of 
accumulation of product exceeds the rate of discharge 
or cells in which the product has previously accumulated 
to be discharged later. In the part it was often 
assumed that a NSC loaded with neurosecretory material 
was in a very active state, the reverse being true for
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an inactive cell. At the third internal symposium on 
neurosecretion (Bristol, 1961), E. Scharrer and others 
said that a NSC loaded with neurosecretory material is in 
a resting stage while a small amount of neurosecretory 
material indicates a high secretory activity. Highnam 
supported this view with experimental evidence, from 
work involving the use of radioactive tracers. B.
Scharrer suggested that the accumulation of neurosecretory 
material in the perikaryon depresses the rate of cytoplasmic 
synthesis and so forms a self-limiting mechanism for 
the production of neurosecretion. In modern terminology 
this may he known as *intra-cytoplasmic feed back*.
In the CC there is a cycle of increase and decrease 
in size in successive instars, due to increase and 
decrease in the amount of neurosecretory material stored 
in the swollen termini of the axons of the NCC. In 
the first and second instars at least, the CC are 
actually slightly decreasing in volume at times when 
the flow of neurosecretory product from the brain, as 
indicated by the amount detectable in transit in the 
NCC, is increasing. Thus changes in volume of the 
CC appear to be related to the storage and release 
function of these glands and not solely to the level
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of neurosecretory activity of the brain cells. It 
seems probable that the products of those brain NSC 
which are most active before the CC attain maximum 
size in a given instar are stored before release, while 
the products of NSC which discharge later in the instar 
pass quite rapidly through the CC into the blood.
It must be emphasised that the first such cycle occurs, 
not in the first instar as might be expected, but in 
the late embryo prior to eclosion.
The presence of abundant neurosecretory material 
in the CA of final instar nymphs and adults, which have 
just moulted, is presumably related to the restraining 
action of brain NSC on the CA demonstrated experimentally 
by B. Scharrer (1946c, 1952b, 1961), but never before 
confirmed by histological evidence. This neurosecretory 
material is also present in the nervi corporis allatai I 
(NCAI), in the nervi corporis allati II (NCAII) and 
in the commissure of the corpora allata (CCA), and when 
present in abundance in these it forms aggregates of 
various sizes in addition to the small scattered granules.
The presence of these intercellular neurosecretory 
products in the CA in large amounts together with the 
decline in volume at nymphal moults, indicates that the 
CA are to some degree restrained at every moult. The
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relaxation of this restraint, indicated by a decrease in 
the amount of neurosecretory product in the CA, is 
accompanied by an appreciable increase in the size of 
the gland which has now a large volume of cytoplasm and 
larger and less concentrated nuclei. There is 
histological evidence of such restraint being applied 
in the late embryo prior to eclosion. It may well be 
that the small amount of neurosecretory material reaching 
the CA perhaps stimulates the latter to produce a certain 
amount of juvenile hormone for a certain time; and then 
as the time for moulting approaches, the activity of the 
CA which has to be restrained is checked by the overflow 
and consequent, presence of abundant neurosecretory 
material in these glands. The other possibility is 
that the presence of small amounts of neurosecretory 
material in the CA does not stimulate the glands but 
just allows the CA to do a certain degree of work.
They are allowed to produce a certain amount of juvenile 
hormone under the control and supervision of brain NSC 
(which may not be working completely independently of 
the CA) for a certain period after which the overflow 
and accumulation of neurosecretory material in the CA 
make these glands inactive for some time. It should be 
noted here that the rate of change of the CA is very
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rapid in newly moulted last instar nymphs and adults, 
and so in order to observe the histological changes in 
the CA one should kill the animals at short intervals 
of time.
It is now generally accepted that the cycle of
changes in the neuroendocrine system which is repeated
in successive nymphal instars is related to the control
of development and initiation of moulting. That such
a cycle occurs first in the embryo before eclosion
indicates that there is a physiological similarity
between the processes of eclosion and of moulting.
The existence of a capillary system either around the
brain cells or in the CC as described by Grandori (1954,
1955) iu adult flies (Calliphora and Musca) cannot
be confirmed in the two species of cockroach studied
here. When the neurosecretory product passes from the
CC into the lumen of the aorta it is diluted and is
no longer stainable, though in addition to the diffuse,
moderately PP"*" coloration of the aorta wall sometimes
a few PF"*" granules were observed, and these may have
been neurosecretory in origin. Nayar (1956) and
Johansson (1958) have also reported the presence of
neurosecretory material in the aorta of Iphita and
Oncopeltus respectively. The presence of haemocytes with 
PF^ granules were noted in the aorta of the cockroaches.
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CHAPTER 4
NEUROSECRETORY CELLS IN THE BRAIN, FRONTAL GANGLION, 
AND SUBOESOPHAGEAL GANGLION OF PERIPLANETA AMERICANA 
L. AND BLATTA ORIENTALIS L.
INTRODUCTION
Fraser (1957) demonstrated that in the brain of the 
larva of the blowfly, Lucilia, no fewer than six groups 
of neurosecretory cells (NSC) can be detected. He 
grouped these NSC on the basis of their position, size, 
morphology, staining characteristics and times of 
activity. The aims of the present investigation were, 
firstly, to determine whether it is possible to classify 
the NSC of the brains of the cockroaches, Periplaneta 
americana L. and Blatta orientalis L., in groups or 
cell types on the basis of similar criteria and, secondly, 
to determine whether NSC occur in the brain in locations' 
other than the pars intercerebralis.
Large neurons containing stainable granules were 
reported, by Bretschneider (1914), in the pars 
intercerebralis of B. orientalis but, of course, at 
that time the phenomenon of neurosecretion was unknown 
and the first actual description of NSC in either of the 
species in question is attributable to Scharrer (1941),
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who found signs of neurosecretory activity in nerve cells 
in the median pars intercerebralis of three out of twenty- 
two specimens of P. americana which she studied. She 
used what was at that time the standard stain for 
neurosecretory material, namely Foot *s modifications of 
Masson’s trichrome and, as has been learnt subsequently, 
this stain selectively colours the larger droplets in 
certain types of cells only (Scharrer & Scharrer, 1954b).
The inadequacy of the original staining procedure led 
her to the erroneous conclusion that there are far more 
NSC in the sub oesophageal ganglion than in the brain 
and that the median pars intercerebralis of cockroaches 
is of secondary importance as far as the neurosecretory 
activity is concerned. She further stated that NSC 
are among the largest cells found in the central nervous 
system, but in a later study on Leucophaea* Scharrer & Scharier 
(1944) found that there are varying numbers of medium­
sized NSC in the pars intercerebralis of that species, 
these cells containing varying amounts of neurosecretory 
material. The presence of NSC in the median pars 
intercerebralis of P. americana and of B* orientalis 
was confirmed by Stutinsky (1952), using chrome 
haematoxylin phloxin stain.
Until the present work was undertaken no account had
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been published of an attempt to separate the NSC of the 
pars intercerebralis of cockroaches into groups or 
cell types, lateral NSC were unknown in these insects 
and, in fact, the presence of NSC in any‘part of the 
brain other than median pars intercerebralis was 
unsuspected. However, during the course of this 
work three papers on this topic were published. The 
first, by Drescher (I960), is mainly concerned with the 
regeneration of structures in the brain of P. americana 
after injury but in this paper he also makes some 
observations on neurosecretion. The second, by Füller
(1960), deals specifically with neurosecretion in
P. americana and B. orientalis. The third, by Willey
(1961), is mainly concerned with the stomodaeal nervous 
system of P. americana and of other cockroaches, 
excluding B. orientalis, but this work also contains 
certain observations on the neurosecretory system.
Two other recent papers on Orthoptera are of importance. 
The first, by Highnam (1961), dealing with the histology 
of the neurosecretory system of the locust, Schistocerca, 
and the second, by Blest (1961), dealing mainly with a 
method of staining the nervous system of the same species
In most recent studies of NSC the two staining 
procedures, chrome haematoxylin phloxin (GHP) and
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paraldehyde fuchsin (PF) (see Chapter 5)i have been used 
and as a result two types of neurosecretory cells have 
been distinguished, *A* cells which have abundant 
secretory granules staining dark blue after CEP and 
purple after PF staining, and *B* cells which either 
assume a uniform red colour or are found to contain sparse 
red granules after CEP (the red being the counterstain 
phloxin) and which are variously described as red, purple, 
or bluish green (the counterstain) after the PF 
procedure (e.g. Nayar, 1955a; Kopf, 1957; Kobayashi,
1957; Johansson, 1957, 1958; Ozeki, 1958b; Highnam, 
1961).
There is a marked difference of opinion among 
neurocytologists about *B* cells. Some consider that 
the *B* cell appearance represents a stage in the 
secretory cycle of an *A* type cell (e.g. Thomsen, 195^a,b; 
Hayar, 1955a; De Derma, 1956; Herlant-Meewis, 1956), 
while others regard this as a distinct cell type with a 
secretory cycle of its own (e.g. Zobayashi, 1957;
Johansson, 1957, 1958; Highnam, 1961).
Regarding the location of ESC in the brain of 
orthopteroid insects most recent reports indicate that 
ESC are found in the pars intercerebralis only (Drescher, 
I960; Füller, I960; Highanm, 1961; Pipa, 1961b).
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Füller (i960) has described only one cell type in the 
median pars intercerebralis of P. americana and 
B. orientalis. This consists of medium-sized asynchronous 
ESC of the *A* type which he places in a sub-category
. His other sub-category A- p consists of synchronous 
ESC in parts of the central nervous system other than the 
brain. Very recently Pipa (1961b) has identified 
Füller*s (I960) A-«^ cells as *A* cells in the brain of 
P. americana, the only type of neurosecretory cell he 
describes.
Drescher (I960) indicates the existence of three cell 
types in the pars intercerebralis of P. americana. The 
first is represented by one large cell in each half of 
the brain, lying ventro-lateral to the inner calyx.
The second, which is also large, appears only in a 
photomicrograph and lies ventral to the calyx, but which 
calyx this is, is not indicated, and the third consists 
of numerous smaller cells lying below the large cells.
Willey (1961) wisely avoids the issue of *A* and 
*B* cell types but uses location to identify five groups 
of ESC in the protocerebrum of P. americana, and other 
cockroaches. The axons of cells of four of his groups 
contribute mainly to the nervi corporis cardiaci intemi 
(ECCI) while the axons of his group five cells and also
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the axons of some of his group 4 cells contribute to 
the nervi corporis cardiaci externi (EGCII) (see 
Chapter 1). Recently he appears to have decided that 
his group 4 cells lying near and under the calices are 
not neurosecretory (personal communication). Willey's 
(1961) large cells of his group 4 correspond to Drescher*s
(1960) large ESC and, probably to the large ESC described 
by Highnam (1961) as lying between the pars intercerebralis 
and the mushroom body in Schistocerca and to a large
ESC lying ventral to the calyx noted also by Blest
(1961) in Schistocerca.
In adult Leucophaea, Scharrer (1955b) described 
one ventro-lateral and one latero-lateral ESC, in each 
half of the suboesophageal ganglion (SOG), packed with 
deep purple granules after paraldehyde fuchsin staining. 
These cells, which she called *A* cells, are said to 
possess fewer cytoplasmic granules in nymphs than in 
adults. She further stated that there is another pair 
of *B* cells, which are larger than the *A* cells and 
contain only a few peripheral purple granules. This 
pair of *B* cells (one cell in each half) she described 
as being more medial, slightly caudal, and in the 
vicinity of the ventro-lateral *A* cells.
According to FÜller (I960) the ESC of the SOG of
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P. americana cannot be clasified into *A* and *B* types, 
as Scbarrer (1955b) has done in Leucophaea, on the 
basis of the amount of neurosecretory material present 
in the cells. Füller described only three groups of 
NSC in the SOG of this species of cockroach, lateral, 
ventro-lateral, and ventro-medial. Further he held 
that all the NSC found in this ganglion are A-j3 type 
(synchronous) and that none of them has abundant 
neurosecretory granules. It will be seen later that 
Füller*s description of NSC does not agree v/ith the 
author * s observat1ons.
MATERIAL AND METHODS
Serial sections (6|i) of the heads of embryos, 
nymphs and adults of P. americana, and those of nymphs 
and adults of B. orientalis stained by chrome haematoxylin 
phloxin and paraldehyde fuchsin procedures, as described 
in Chapter 5, were used in this study. Material in 
neurons or their axons which stain blue-black after 
chrome haematoxylin is hereafter referred to as CH"*", 
material staining pink or purple-red with paraldehyde 
fuchsin is called PF*^ .
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OBSERVATIONS
Whether or not all the cells described below as 
neurosecretory cells, secrete hormones is not yet known. 
However, if cytomorphological criteria for the identifica- 
:tion of neurosecretion are to be accepted at all, these 
cells which show such signs as appropriately stained 
granules in the perikaryon, axon-hillock and (usually) in 
the axon, and also cyclical actively, must, unless 
proved otherwise, be regarded as neurosecretory cells.
For a fuller definition of 'neurosecretory cell* see 
Chapter 3*
Section I; Neurosecretory Cells in the Brain
la NSC in the protocerebrum
The numerous NSC in the protocerebrum of both species 
of cockroach studied here occur in six definite locations.
Locus 1.
These NSC lie in the posterior pars intercerebralis, 
ventral to the protocerebral neuropile, above and on 
either side of the two nervus connectivus cells (Figs 
81, 82) which, incidentally, do not contain PF"*" or CH"*" 
granules. Thus they form an arch over the nervus 
connectivus cells but are separated from them by glia
Figure 7 7 Photomicrograph of a section of anterior 
part of protocerehrum of an adult 9 
P. americana killed less than 1 hour 
after the moult, showing two ventro-median 
(lb) neurosecretory cells which have 
aggregated PF**" granules (Gr) in the 
perikaryon.
Figure 78* Photomicrograph of a section of anterior 
part of protocerebrum of an adult Ç 
P. americana killed 12 hours after the 
moult, showing two ventro-median (lb) 
neurosecretory cells which have a few 
PF"*" granules (Gr) in their abaxonal 
region. Tr, trachea; NpPRO, 
neuropile of the protocerebrum.
Figure 78 is at a lower magnification 
than Figure 77# '
Figure 77.
NpPRC
Figure 78.
Figure 79. Photomicrograph of a section of anterior 
part of protocerebrum of an adult 9 
P. americana, killed 18 hours after the 
moult, showing ventro-median neurosecretory 
cells (la) of locus 1, neurosecretory cells 
of locus 2 and neurosecretory cells of 
locus 5*
Figure 80. Photomicrograph of a section of anterior 
part of protocerebrum of an adult 9 
P. americana, killed 18 hours after the 
moult, showing ventro-median neurosecretory 
cells (la and Ih) of locus 1, and the 
neurosecretory cells of locus 5* This 
section immediately follows the one shown 
in Figure 79*
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cells. This region of the brain is richly supplied 
with trachea and tracheoles. Secretory material is 
probably most abundant in freshly moulted adults of 
both sexes (Fig. 77). In the latter the fine PF"*" 
granules are distributed close to the periphery of 
the cells and around the nucleus where they form small 
separate aggregates, although fine dispersed granules 
may also be found in other parts of the perikaryon.
While the individual cells contain comparable amounts of 
neurosecretory material in one adult, the amounts 
present in different adults of the same age varies. 
Following the last moult the amount of PF"*" substance in 
these cells progressively decreases, the decrease being 
most rapid in the first few hours (Fig. 78), though 
a few granules may persist for some time after the moult. 
In the first stages of decrease the granules, which 
previously formed a peripheral ring, are now confined 
to a crescent shaped mass in the abaxonal zone of each 
cell. Ultimately, only a few scattered peripheral 
granules and small vacuoles can be seen.
In this locus there are two large pear-shaped 
antero-ventral cells (la) lying on either side of the 
mid-line just below that region of the neuropile which 
connects the two halves of the protocerebrum (Figs 79,
80, 81, 82). Thus one such cell occurs in each half
Figure 81. Photomicrograph of a section of anterior 
part of protocerebrum of an adult 9 
P. americana, killed 18 hours after the 
moult, showing ventro-median neurosecretory 
cells (la and lb) of locus 1, two nervus 
connectivus neurons (NGN) the axons of 
which are penetrating the neural lamella 
(NL) of the protocerebrum. Note also the 
glia cells (GO) between the neurosecretory 
cells of locus 1 and the nervus connectivus 
neurons. The empty space is an artefact.
Figure 82. Photomicrograph of a section of anterior 
part of protocerehrum of an adult 9 
P. americana, killed 18 hours after the 
moult, showing ventro-median neurosecretory 
cells (la and lb), ventro-lateral 
neurosecretory cells (Ic) of locus 1, and 
nervus connectivus neurons. Lettering 
as in Figure 81. The central space is, 
again, an artefact.
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of the protocerehrum. Below and by the side of these 
two large cells, which are about 40p in diameter, are 
other NSC (lb), smaller than the former (50 ) and 
lying near the median line (Figs 77, 78, 80, 81, 82).
The remaining NSC of this group (Ic) lie lateral to 
the others (Fig. 82) and are also about 50p. in size.
The dimension in each case refers to the maximum diameter 
in an adult.
The group 1 cells may therefore be called ventral 
or para connectivus NSC and may be subdivided as ventro- 
median (la and lb) and ventro-lateral NSC (Ic).
The neurosecretory granules in all these cells are 
PF"^  but not CH"^ . The secretory activity of these cells 
is cyclical and synchronous. They possess a sphereial 
or oval nucleus with a central or eccentric nucleolus. 
Their axons are thick and run upwards and forwards and 
presumably join with the prechiasmatic nervi corporis 
cardiaci interni (NCCI). Although the PF"*" granules were 
seen in the perikaryon and the axon-hillock, they were 
not found in the axons of locus 1 NSC. Locus 1 NSC are 
described as the ventral NSC in Chapter 3*
Locus 2.
NSC belonging to locus 2 (Figs 79 and 88) are
found in the anterior median pars intercerebralis.
They consist of two or three large pyriform or oval 
neurosecretory cells (about 40|J. in diamter) in each 
half of the protocerebrum, always lying lateral and 
close to the dorsal groove. After PF staining, their 
cytoplasm is coloured light red or sometimes grey, the 
grey colour being the counterstain. A few PF*^  (or 
CH*^ ) granules can be demonstrated in the perikaryon, 
axon-hillock and axons of these NSC. Their axons 
travel vertically downwards to join the prechiasmatic 
NCCI. The neurosecretory material of these cells is 
certainly transported along the axons. Their 
activity is cyclical and synchronous. Willey's (1961) 
description of NSC in this location in P. americana 
nymphs and adults essentially agrees with the foregoing.
Locus 3*
Locus 3 may be defined as that zone bounded anteriorly 
by the lower limit of the lateral globuli cells of the 
internal calyx, laterally by the perineurium of the 
dorsal groove on one side and by the main mass of the 
protocerebral neuropile on the other (Figs 83, 84, 85,
86, 87) and, posteriorly, by locus 2 (Figs 79 and 88), 
and locus 4 NSC.
The numerous NSC of locus 3 lie antero-lateral to
Figure 83* Photomicrograph of a frontal section of 
protocerehrum of an adult9 P. americana* 
killed 18 hours after the moult, showing 
3a, 3h and 3c neurosecretory cells (NSC) 
of locus 3* P, perineurium cell of 
dorsal groove; LGC, lateral globuli 
cells of the corpus pedunciilatum; PRCNp, 
protocerebral neuropile;. Gr, PF"*" 
neurosecretory granules.
Figure 84. Photomicrograph of a frontal section of
protocerehrum of an adult 9 P. americana, 
killed 12 hours after the moult, showing 
neurosecretory cells of locus 3* Note 
a 3c NSC lying just below the lateral 
globuli cells. IntCX, internal calyx. 
Other lettering as in Figure 83*
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Figure 85* Photomicrograph of a frontàl section of 
protocerehrum of an adult 9 P. americana  ^
killed 12 hours after the moult, showing 
four 5o neurosecretory cells (3c NSC) 
lying close to the anterior border of the 
protocerebral neuropile. IntCX, internal 
calyx; LGC, lateral globuli cells; PRCNp, 
protocerebral neuropile. Note also a 
small neurosecretory cell (3c NSC) which 
is near the median line of the protocerehrum. 
This cell has less neurosecretory granules 
(Gr) than the other neurosecretory cells.
Figure 86. Photomicrograph of a frontal section of 
protocerehrum of a last instar 9 nymph 
of P. americana  ^ killed 1 hour after the 
moult, showing a large neurosecretory cell 
of locus 3 (3a NSC) with sparse PF"*" 
granules (Gr) in its perikaryon and axon- 
hillock. Note also three small neurosecre- 
:tory cells (3c NSC) lying lateral to the 
point where the median fissure (I#) meets the 
protocerebral neuropile. The axons of 
these neurons run antero-laterally, while 
the axons of the other neurosecretory cells 
run vertically downwards. Lettering as in 
Figure 85*
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the locus 2 cells and under the dorsal surface of the 
protocerehrum. These and locus 2 NSC are usually 
described as median NSC. Broadly speaking there are 
large NSC (3a) (about 30-40 ), medium-sized NSC (3b) 
(about 20-25^-), and small NSC (3c) (10-13P-) in this 
locus, though NSC of intermediate sizes occur which 
are difficult to fit into one of the three classes. All
these cells are interspersed with common neurons v/hich 
again vary in size.
The NSC of this locus are more abundant in anterior 
sections of the brain and posteriorly decrease in 
number progressively up to the appearance of locus 4 
NSC.
Some of the 3b and 3c NSC lie close to the anterior 
border of the protocerebral neuropile (Fig. 85) whilst 
others lie close to hte median fissure (Figs 83, 85,
86, 87 and 88). Two or three class 3b and 3c pyriform 
NSC occur just below, and a few lie lateral to, the 
point where the median fissure meets the protocerebral 
neuropile (Figs 86, 87). The axons of these cells 
run antero-laterally for a short distance and then 
presumably turn posteriorly to join the NCCI before it 
crosses over to the other half of the protocerebrum.
The axons of all the other NSC of locus 3 run vertically
Figure 87* Photomicrograph of a frontal section of
protocerebrum of an adult 9 P. americana. 
killed 48 hours after moulting, showing 
two medium-sized neurosecretory cells of 
locus 3 lying just below the point where 
the median fissue (IIP) meets the protocere- 
:bral neuropile (PRCNp). The axons of 
these cells run antero-laterally while 
those of the other cells run vertically 
downwards. LGC, lateral globuli cells;
3a NSC, large neurosecretory cell of 
locus 3; 3b NSC, medium-sized neurosecre- 
:tory cells of locus 3; 5c NSC, small 
neurosecretory cells of locus 3* Note 
also sparse PF"*' neurosecretory granules 
(Gr) in the neurosecretory cells.
Figure 88. Photomicrograph of a frontal section of
protocerebrum of a freshly moulted nymph 
of P. americana, showing the neurosecretory 
cells of locus 2 and 3* 2 NSC, neurosecretory
cells of locus 2; p NSC, neurosecretory 
cells of locus 3- Other lettering as 
in Figure 87.
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downwards to join the prechiasmatic NCCI. PF"** or 
CH'*' granules can be seen in transit in the axons of 
NSC in this location.
The cytoplasm of the $a NSC stains (PF'*’) purple- 
red in newly moulted nymphs and adults, but in over 
counterstained sections it may stain grey. Sparse 
PF'*’ (or CH'*9 granules which do not form large clumps 
can be seen in the perikaryon of $a cells. The last 
stage in the secretory cycle of 3a NSC is characterized 
by the presence of a few scattered PF'*’ or CH**" 
granules and a few vacuoles. These cells are oval 
or round or angular in shape with an oval or round 
nucleus containing a distinct nucleolus and some 
chromatin material. The 3a NSC show cyclic and 
synchronous activity. The ordinary large cells, 
as distinct from the large neunosecretory cells found 
in locus 3 have no PF'*' or CH'*’ granules and are not 
considered to be neurosecretory. They do, however, 
contain inclusions which take the pale green 
counterstain indigo carmine. These have been described 
as mitochondria by Pipa (1961b). The large oval 
ordinary neurons occur in anterior sections of the 
brain more or less like a garland lying along and just 
below the perilemma of the anterior dorsal part of the
protocerebrum. These ordinary nerve cells are,
however, not confined to the periphery of the dorsal 
groove but occur in several layers in the pars inter- 
rcerebralis intermingled with the 3b and 3c NSC which 
also occur in several layers. The cytoplasm of the 
non-secretory neurons of the pars intercerebralis which 
compare in shape and size with 3b and 3c NSC counter- 
:stains grey after the PF procedure. In locus 3 the 
3b and 3c cells outnumber the larger 3a- NSC. At the 
beginning of the secretory cycle the cytoplasm of 3b 
and 3c NSC stains a uniform pink-purple colour and does 
not contain PF"*" granules, this being the non-granular 
phase in the secretory cycle of these cells. Later a 
few light purple granules appear. These gradually 
increase in number and form aggregates (Figs 84 and 
89) which stain deep purple. These PF"*" granules 
ultimately fill the whole space in the perikaryon and 
axon-hillock. As accumulation of neurosecretory 
granules proceeds, these cells increase in size but 
in the last stage of the secretory cycle of 3b and 3c 
NSC there is a reduction in size of the cells and the 
cytoplasm, now grey-green in colour, contains only a 
few PF"*" granules which are accompanied by a few small 
vacuoles. In newly moulted nymphs and adults some of 
the 3b and 3c NSC are full of neurosecretory granules
Figure 89* Photomicrograph of a medium-sized (5b NSC) 
and a small (3c NSC) neurosecretory cell 
of locus 3 showing abundant aggregated PF'*’ 
granules in perikaryon and axon-hillock. 
Adult P. americana killed within 1 hour 
after the moult.
3c NSC
SbNSC
Figure 89
but on the whole this secretory activity is cyclical 
but asynchronous* It may be that each 3b and 3c NSC 
has its own secretory cycle. At a given time there is 
more neurosecretory material present in 3b and 3c NSC 
than in 3a NSC. 3b and 3c NSC are not considered to 
represent stages in the neurosecretory cycle of the 
same class of cell but different classes, each with 
its own cycle. The features which they have in common 
are their shape, asychronous activity, the tendency 
of their neurosecretory granules to form clumps and 
the storage of neurosecretory material in the perikaryon 
which makes these cells so prominent. Clearly the 3a 
NSC differ from the 3b and 3c cells in the above 
characteristics and are to be regarded as belonging to 
a distinct class.
Locus 4"
Locus 4- NSC can be seen when the calices and their 
peduncles have fully appeared in frontal sections.
Locus 4- consists of the following NSC in each half of 
the protocerebrum: one giant neuron (4-a) (about SO­
SO which is round or oval in section and lies ventro­
lateral to the internal calyx (Pig. 90). This is the 
large cell described as neurosecretory by Drescher
(I960). A thick axon arises from this neuron.
Pigure 90. Photomicrograph of a frontal section of
protocerebrum of an adult cT P. americana, 
killed 1 hour after moulting, showing two 
giant neurons of locus 4- (4-a NSC) with 
fine PP'*’ granules (Gr) in the perikaryon 
and axon-hillock. H!L, median line 
dividing the brain into tv/o equal halves; 
IntCX, internal calyx; LGC, lateral 
globuli cells; N, ordinary neurons lying 
ventral to the large cells.
Pigure 91- Photomicrograph of a frontal section of 
protocerebrum of a fres^hly moulted 
nymph of B. orientalis showing a large 
neuron (4-b) with fine blue-black (CH’*') 
granules (Gr). Lettering as in Pigure
90.
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Above the giant neuron is another neuron (4-b) which 
has the same shape but is smaller in size (Fig. 91).
After PF staining the cytoplasm of neurons 4-a and 4-b 
stains pink or sometimes green and possesses PF"*" 
granules and small vacuoles. These granules are also 
CH'*”, and can be seen in the perikaryon and axon-hillock 
of these cells but not in their axons. These cells show 
signs of cyclical secretory activity.
Lying ventro-lateral and ventral to the calices 
are other large cells (4-c) some of which (Fig. 92) 
possess PF"*" or CÏÏ'*' granules in their perikaryon and 
axon-hillock at certain times in late embryos, nymphs 
and adults. These cells are smaller in size than 4-b 
cells noted above.
Medium-sized cells (4-d) 20-25p« in diameter, 
resembling the 3b NSC of locus 3 in shape and size, occur 
ventral to the calices and also to the large NSC.
These 4d cells (Figs 92, 95) possess a few light purple 
(PF^) granules and reddish cytoplasm. The granules are 
also CH“^. Ventral and posterior to these there are 
still smaller nerve cells (10-15p) which were never 
seen to contain PF"^  or CH’^ granules and are not regarded 
as neurosecretory. Secretory activity within this 
locus is synchronous and in phase with activity in loci
Figure 92. Photomicrograph of a section of protocere- 
thrum of an adult 9 P. americana, killed 
18 hours after the moult, showing a large 
cell (4-c) of locus 4- having a few fine 
purple (PF"*") granules. The cell lies 
ventral to the internal calyx (IntCX). 
Note also a medium-sized (4^) cell which
 ^ 4»also possesses sparse fine PF granules. 
This cell is lying ventro-lateral to the 
internal calyx.
Figure 95- Photomicrograph of a section of protocere- 
thrum of an adult 9 P. americana, killed 
18 hours after the moult, showing a medium­
sized cell (4d) of locus 4-. The cell has 
fine PF*^  granules. The cell lies ventral 
to the internal calyx. Note also the 
small ordinary neurons lying ventral to 
4d cells.
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1 and 2. NSC of loci 2, 3 and 4 are described as 
median NSC in Chapter 3*
Locus 5*
Locus 5 consists of lateral NSC occurring in the 
pars lateralis of the protocerebrum situated antero- 
ventral to the free end of the cauliculus and ventral 
to the outer end of the external calyx (Figs 94— 97).
In addition, other NSC occur lateral to the main mass 
of the protocerebral neuropile (Fig. 98). There are 
again large (5a), medium (5b), and small (5c) NSC 
in both positions. Their cytoplasm stains, with 
paraldehyde fuchsin, uniformly pink or purple especially 
in newly moulted specimens. These cells contain scanty 
PF*^  or CH'*’ granules some of which form small clumps 
while the rest are scattered. In the resting stage these 
NSC lack PF'*’ or CH'*’ granules and their cytoplasm does 
not stain v/ith PF though it stains grey-green with the 
counterstains. At this time these resemble ordinary 
nerve cells. Some of the medium-sized 5b NSC v/hich 
are (^ar-shaped (Fig. 97) lie just ventral to the 
lateral globuli cells which in turn lie close to the 
outer end of the external calyx. These tear-shaped 
cells resemble the NSC in the tritocerebrum of Phasmids 
photomicrographed by Dupont-Paabe (1957). The axons
Figure 94. Photomicrograph of a large (5a) and two 
medium-sized (5b) neurosecretory cells 
lying antero-ventral to the free end of 
the cauliculus (CAIT). The cell.s have 
fine PF'*' granules. Adult 9 P. americana 
killed 18 hours after moulting.
Figure 95* Photomicrograph of a medium-sized (5b)
neurosecretory cell lying ventral to the 
free end of the cauliculus (CAU). The cell
has fine scattered PF"*” granules. Last
instar 9 nymph of P. americana killed 
90 days after moulting.
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Figure 96. Photomicrograph showing two small (5c) 
neurosecretory cells of locus 5* The 
cells have PF"*" granules. Adult 9 
P. americana killed 18 hours after 
moulting. Ext.C, external calyx; LGC, 
lateral globuli cells; CAU, cauliculus.
Figure 97- Photomicrograph showing a tear-shaped
medium-sized (5b) neurosecretory cell of 
locus 5* Adult 9 P. americana killed 18 
hours after moulting. Lettering as in 
Figure 96.
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Figure 98. Photomicrograph showing a medium-sized 
neurosecretory cell (NSC) lying lateral 
to the main mass of the protocerebral 
neuropile (PPCNp). Note also a large 
neurosecretory cell (shown above in the 
photograph) which lies antero-ventral 
to the cauliculus. Both of these cells 
have fine PF’*' granules. Adult cf 
P. americana killed 1 hour after 
moulting.
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of these NSC form the NGCII (see Chapter 3). Willey
(I96I) describes in P. americana the lateral NSC, which 
he includes in his group 5> but he says "I have not 
investigated the neurosecretion of this area thoroughly". 
The pars lateralis is richly supplied with tracheae 
and tracheoles as the pars intercerebralis. Secretory 
activity in the cells of this location appears to be 
synchronous.
Locus 6.
This locus contains the NSC of the optic lobe. 
According to Van der Kloot (I960), "Noirot (1957) 
detects secretory activity in a group of neurosecretory 
cells, at the base of the optic ganglion in adult and 
in supplementary reproductives of Kalotermes flavicollis 
(Fabr.)". Kopf (1957) has also noted NSC in this 
location in Drosophila whichyhe describes as lateral 
neurosecretory cells. The other lateral NSC described 
by Kopf lie ventral to the trabeculae. In newly 
moulted nymphs and adults of the cockroaches studied 
there are two or three large cells (6a) (Fig. 99) lying 
just ventral to the medulla interna of the optic lobe. 
These large cells and a medium-sized cell (6b) and a 
smaller cell (6c) (Fig. 100) lying anterior to them, 
show, with CHP staining, fine scattered CH"*" granules
Figure 99» Photomicrograph. showing a large cell (6a)
of locus 6 having PF"*" granules* Adult 9 
P. americana killed just after the moult.
Figure 100. Photomicrograph showing a medium-sized
(6b) and a small cell (6c) of locus 6 
with a few PF"*" granules. These cells 
lie anterior to the large cell shown 
in Figure 99* Adult 9 P. americana 
killed just after the moult.
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and purplish cytoplasm and, with PF staining, pinkish 
cytoplasm and scattered but distinct PF"*" granules.
These cells appear oval or pyriform in section with 
an oval nucleus which has a distinct nucleolus and may 
possess abundant chromatin material. PF"*" or CH"*" 
granules are usually absent from these cells by the 
time the cuticle of a recently moulted specimen has 
hardened and darkened. These NSC resemble the 
type A cells of the thoracic and abdominal ganglia 
of P. americana and B. orientalis photomicrographed 
by FÛller (I960) in his figures 9a-c. In addition, a 
few cells of medium size (6d) (Fig. 101) more or less 
pyriform in shape and more ventral to the medulla 
interna, (in fact, near the ventral perilemma of the 
optic lobe), possess pink cytoplasm, definite vacuoles, 
and a few PF"*" granules.
PF*" or CH"*" granules were not seen in the axons of 
the NSC of this locus, and the destination of the 
granules produced by the cells is not known, but since 
these nerve cells possess CE"*" or PF**" granules, especially 
in newly moulted cockroaches, as noted above, they are 
regarded as NSC. The activity of the cells of this 
locus is synchronous.
Figure 101. Photomicrograph showing a medium-sized
(6d) cell of locus 6. The cell has 
a few PF”* granules and vacuoles. Adult 
9 P. americana killed just after the 
moult.
?\â»mM
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Ib NSC in the deutocerebriun
Neurosecretory cells in the deutocerebrum have 
been described by Grandori (1955) in pupae of Calliphora 
and Musea» and by Noirot (1957) in Kalotermes. In 
the two species of cockroaches studied here cortical 
cells of different sizes were found, in the anterior 
part of the deutocerebrum, which show cytological signs 
of neurosecretion. Fine CH**" or PF**‘ granules form 
small or large aggregates which may or may not fill the 
whole perikaryon (Fig. 102). PF*** granules were seen
in large amounts in the axon-hillock and could be traced 
in the axon for a short distance. Sometimes the PF"*" 
granules do not form clumps and are confined only to 
the abaxonal region of the cell.
The activity of the cells appears to asynchronous 
as is indicated by the varying amount of PF"*" granules 
and the different arrangements of PF"*" granules in 
neighbouring cells. The destination of these granules 
is not known. Cortical cells were found in the olfactory 
lobe with diffuse purple cytoplasm and a few PF"*" 
granules. These v/ere first seen in 42-day embryos and 
in all nymphal and adult stages. The granules were 
more abundant in newly moulted animals than after the 
moult; e.g. more PF"*" granules were found in the
Figure 102. Photomicrograph of a neurosecretory cell
(NSC) in the deutocerebrum of an adult 
cS P. americana killed 1 hour after the 
moult. The cell has an appreciable 
, amount of PF'*’ granules.
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anterior cortical cells in newly moulted adults than 
in adults 48 hours after moulting. In a 48-hour 
adult female and in older females, a few anterior 
cortical cells have scanty PF'*’ granules in the perikaryon 
and axon-hillock and sometimes the granules actually 
appear to he lodged in vacuoles. There are more PF'*' 
granules in the cortical cells of later nymphal instars 
and adults than in late embryos and early nymphal instars.
Ic NSC in the tritocerebrum
(1) Cortical NSC in the tritocerebrum
A few medium-sized cortical nerve cells with PF’*' 
cytoplasm and a few PF’*’ granules were observed in almost 
all parts of the tritocerebrum in some of the late 
embryos, first instar nymphs, later nymphal instars and 
adults of P. americana (Fig. 103). Neither the secretory 
cycle not the destination of the secretory material 
of the NSC of tritocerebrum has been worked out as yet.
The destination of the neurosecretory material may well 
be the corpora cardiaca, via the NCCIII, but in the 
author's opinion the whole question of neurosecretion 
in the tritocerebrum in the cockroaches needs further 
study (see Chapter 3)- Willey (personal communication) 
did not find NSC in the tritocerebrum of cockroaches 
though Dupont-Raabe (1957) reports Azan**" NSC in the
Figure 103. Photomicrograph shov/ing the tritocerebrum
LOI .and a cell^^ vfith a few PF granules.
Adult P. americana çf killed 1 hour after 
the moult.
Figure 104- Photomicrograph of a large cell in circum- 
oesophageal connectives close to their 
junction with the suboesophageal ganglion. 
The cell has PF'*’ granules. Adult 9 
P. americana killed just after the 
moult.
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tritocerebrum of stick insects.
(2) NSC of the circum-oesophageal connectives
In some nymphs and adults of both species of 
cockroach NSC were found in the cireum-oesophageal 
or para-oesophageal connectives close to their junction 
with the suboesophageal ganglion. These are two medium­
sized round cells (a) and two large oval cells (b) on 
each side, with a light purple or sometimes grey cyto- 
: plasm and (or CH”*’) granules in their perikaryon and 
axon-hillock (Fig. 104). These cells might be regarded 
as neurosecretory on the cytological evidence, and the 
destination of their secretion needs further investigation, 
Hov/ever, the large cells mentioned above resemble the 
type 1 neurosecretory cells described and figured by 
Geldiay (1959) in the thoracic and abdominal ganglia 
of Blaberus.
Section lit Neurosecretory Cells in Other Parts of the 
Central Nervous System
Ila NSC in the frontal ganglion
According to Willey (1961) the cells of the frontal 
ganglion of cockroaches do not stain selectively with 
paraldehyde fuchsin and according to Dupont-Raabe (1958) 
the cells of the frontal ganglion of Carausius do not 
stain with any neurosecretory stain. However, in the
Figure 105. Photomicrograph showing nerve cells of
frontal ganglion. The cells have PF'*' 
granules. N, nerve cells; G, glia 
cells. Last instar 9 nymph of 
P. americana killed 1 hour after 
moulting.
Figure 105.
review by Van der Kloot (I960) neurosecretory cells 
are said to occur in the frontal ganglion.
In 42-day embryos and in newly moulted nymphs and 
adults NSC were observed in the cortical region of the 
frontal ganglion (Fig. 105)* These cells possess 
diffuse purple (PF"^ ) cytoplasm and scanty but usually 
aggregated PF"^  granules in their perikaryon, axon- 
hillock and axons. In tanned cockroaches, similar 
cells have counterstained cytpolasm and possess only 
a few PF"^  granules. The number of neurons showing a 
PF"^  reaction is indeed very low. The activity of the 
cells appears to be asynchronous.
lib NSC in the suboesophageal ganglion
According to Füller (i960) in P. americana there 
are only three groups of neurosecretory cells in the 
SOG, lateral, ventro-medial, and ventro-lateral. But 
according to the present observations five groups of 
NSC are identifiable in the SOG of both P. americana 
and B. orientalis. These groups are:
1) antero-median,
2) antero-lateral,
3) latero-lateral,
4) ventro-lateral and
Figure 106. Diagram of the distribution of neurosecretory
cells in the suboesophageal ganglion of a 
third instar nymph of P. americana, ready 
to moult within a few days. Ant.MNSC, 
antero-median neurosecretory cells; Ant. 
LITSC, antero-lateral neurosecretory cells; 
LIiKSC, latero-lateral neurosecretory cells; 
Vli/INSC, ventro-median neurosecretory cells; 
VLNSC, ventro-lateral neurosecretory cell; 
LbN, labial nerve; HSGr, neurosecretory 
granules (PF"*'); IIP, neuropile of the 
suboesophageal ganglion; LLNSC(N), latero- 
lateral neurosecretory cell of a last 
instar d nymph of P. americana  ^ killed 89 
days after moulting; LLNSC(A), latero- 
lateral neurosecretory cell of an adult 9 
P. americana, killed 18 hours after moulting; 
VTilNSC(A), ventro-median neurosecretory cell 
of an adult 9 P. americana, killed 18 hours 
after moulting, containing abundant fine 
PF"^  neurosecretory granules; VLNSC(A), 
ventro-lateral neurosecretory cell of an 
adult P. americana  ^killed 18 hours 
after moulting.
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5) ventro-median (Fig. 106).
The majority of NSC in the SOG belong to the ventro- 
median group. Within this group the amount of PF*^  
material in different cells is very variable. Füller
(i960) states that development and storage of secretory 
products are similar in all the NSC of the SOG of 
P. americana and thus he could not separate the cells 
into types A and B as Scharrer (1955b) has done in the 
SOG of Leucophaea. He adds that it is a 'remarkable 
fact' that the NSC of the SOG do not possess 'intensive 
secretory products * as found in the NSC of the pars 
intercerebralis. The author must disagree with him 
entirely on these points since at least three classes 
of NSC large, medium and small, have been demonstrated 
in the present work in the SOG of both P. americana and
B. orientalis. The medium and large NSC do not usually 
have as many neurosecretory granules as one particular 
pair of small ventro-median NSC, though the intensity 
of purple staining of the cytoplasm and the content of 
neurosecretory granules in these small cells vary 
depending on the stage in the secretory cycle at which 
they have been fixed. The rest of the small NSC 
occurring in the ventral median part, as well as in the 
other locations named above, do not possess so many PF"^
granules at any given time. The distinctive pair 
resemble Scharrer*s (1955b) 'A* type cells. The large 
NSC may correspond to her type. All three size 
classes of NSC show definite cyclical activity. Minute 
intracellular vacuoles may be observed sometimes in all 
of the antero-median, antero-lateral and ventro-median 
NSC but these vacuoles are not as large as those of the 
larger ventro-lateral and larger ventro-median NSC. The 
large ventro-lateral cell lying close to the labial 
nerve possesses medium-sized vacuoles. Its cytoplasm 
stains grey or pink and may or may not contain a fev/
PF"^  granules at a given stage in development, e.g. just 
before or just after the moult. Sometimes this cell 
contains an appreciable amount of PF"^  granules and at 
such times vacuoles are small and few or absent.
Similar NSC were observed in the latero-lateral part 
of the ganglion.
The antero-median and antero-lateral groups are 
entirely composed of small NSC.
At certain times (see below) two ventro-median NSC, 
in nymphs and adults, afe filled with PF"^  granules and 
resemble some of the 3b and 3c NSC of locus 3* A 
general statement on the cycle of activity of any group, 
or class of NSC can only be made if changes in these
cells are observed at short intervals of time over 
several instars. For example, in the case of NSC of 
the SOG Füller (I960) certainly missed the stage at which 
some of the cells, especially the small ventro-median 
pair, are full of purple granules, probably because he 
used mostly newly moulted nymphs and adults. According 
to the author’s observations there is a marked depletion 
of PF"*" purple granules in these two small ventro-median 
NSC in all freshly moulted nymphs and adults of both 
sexes. At this stage the cytoplasm of these cells 
stains light purple in colour. The amount of neurosecre- 
îtory material in these cells increases remarkably some 
time after the moult, the granules then staining a deep 
purple colour. For example, in last instar nymphs of 
both sexes, killed 1-9 hours after the moult (Fig. 107) 
and in adult males and females, sacrificed 1-12 hours 
after the moult (Fig. 108), these NSC have a light 
purple cytoplasm and contain only a few granules of the 
same colour. There is a marked increase in the number 
of these granules in last instar nymphs killed 89 and 90 
days after the moult and in adult females killed 18 
hours after the last moult (Fig. 109)* In adult 
females killed 1 hour, 4 hours, 9 hours, 12 hours, 18 
hours, 24 hours and 48 hours after the moult, the 
secretory cycle observed in this pair of small
Figure 107* Photomicrograph, showing a small ventro-
median neurosecretory cell (YKNSC) in 
the 'suboesophageal ganglion of a last 
instar 9 nymph of P. americana killed 
just after the moulto NpSOG, neuropile 
of the suboesophageal ganglion* The 
cell has sparse PF"*" granules.
Figure 108. Photomicrograph showing small ventro-
median neurosecretory cell (VÎMSO) in 
the suboesophageal ganglion of an adult 
9 P. americana killed 1 hour after 
moulting. The cell has again sparse 
PF*^  granules.
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Figure 109. Photomicrograph showing^small ventro-
median neurosecretory cells in
the suboesophageal ganglion of an adult 
9 Q^ericana killed 18 hours after the 
moult. The cells have abundant PF'*' 
granules.
m VM NSC
Figure 109
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ventro-median ESC is as follows : in the newly moulted
specimens there is a notable lack of material in 
these cells (Fig. 108). The amount of this material 
increases slightly at 4- hours, again at 9 hours and 
still more at 12 hours. This increase continues 
through the eighteenth and twenty-fourth hours, and 
by the forty-eighth hour these cells are packed with 
purple granules. Unfortunately, it could not be 
determined when discharge took place. However, it 
seems certain that neurosecretory material is stored 
in the perikaryon of these ESC for some time before being 
discharged. In nymphs depletion occurs about the time 
of the moult. Accumulation of neurosecretory material 
also occurs in the other ESC of the SOG but not to 
such a marked extent as in these small ventro-median 
cells. TJhen full of PF"*" granules these ventro-median 
ESC are larger than the 3b ESC of locus 3 i:u the pars 
intercerebralis at the same stage in the secretory cycle. 
The fine PF"^  granules of the former do not form large 
aggregates whereas the granules of the 3b and 3c cells 
of locus 3 sire ^coarser* and usually form distinct 
clumps as noted above.
The PF"*’ granules in the large ESC of the SOG are 
not always scanty and peripheral as described by Scharrer
(1955b) in Leucophaea; sometimes many such granules 
can be seen throughout the cytoplasm. The relative 
amounts of neurosecretory products in the ESC of the 
SOG of late embryos and early nymphal instars is less 
than in the corresponding cells at similar stages of 
activity in last instar nymphs and adults. This is 
in line with Scharrer*s (1955b) finding in Leucophaea.
According to Scharrer (1955b), in gonadectomized
adult females of Leucophaea, the large cells contain
abundant marginal green granules instead of scanty 
+PF granules. She called these cells 'castration 
cells*. She also found some green bodies lying at 
random in and near the other neurons of the SOG.
Without casting any doubt on her 'castration cells* 
and on her gonadectomy experiments, which the author 
has not performed, it is perhaps significant to note 
here that in slightly over counterstained (with indigo 
carmine) preparations the cytoplasm of the large ESC 
stains green and may contain either scanty or abundant 
green granules which may or may not be accompanied by 
vacuoles. The author could not find green bodies 
lying outside the cells as reported by Scharrer although 
in a few cases intercellular purple granules (whose 
significance is unknown) were observed.
Table 3
r (
Age of P. americana Total no. of ESC in the suboesophageal ganglion
42-day embryo 12
54-day embryo 4
First instar nymph killed %  hr after hatching 2
First instar nymph killed 4- hr- 12% days after hatching 2
Third instar nymph ready to moult within a few days 50
Last instar d" nymph killed 89 days after moulting 10
Last instar Ç nymph killed 90 days after moulting 12
Last instar 9 nymph killed 1 hr after moulting 6
Last instar cT nymph killed 1 hr after moulting 8
Last instar 9 nymph killed 9 hr after moulting 2
Freshly moulted adult females 8 - 1 2
Adult 9 killed 9 hr after moulting 6
Adult 9 killed 12 hr after moulting 14
Adult d killed 12 hr after moulting 14
Adult 9 killed 18 hr after moulting 8
Adult 9 killed 24- hr after moulting 14
Adult 9 killed 4-8 hr after moulting 21
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Finally, according to Fuller (I960) there are only 
eight ESC in the SOG of last instar nymphs and adults 
of P. americana hut according to the author's ohserva­
it! ons the number of ESC in this ganglion, which can 
be seen at various times, varies but may be far in 
excess of a total of eight (see Table 3).
DISCUSSIOE
Eeurosecretory material could not be demonstrated 
in the axons of locus 1 ESC either by PF or CHP staining 
procedure. The neurosecretory material may either 
be dispersed and passed along the axon in an unstained 
form or discharged peripherally as suggested by 
Matsumoto (1958). Intercellular PF*^  granules were 
found to be in close proximity to these cells. These 
granules may either be neurosecretory material 
discharged peripherally from the ESC, or may be 
gliosomes of the neighbouring glia cells as first 
described by Scharrer (1959)- The former explanation 
is perhaps the more probable since these intercellular 
PF"** granules occur very close to the periphery of the 
ESC and do not resemble the coarse gliosomes seen 
elsewhere in the brain. If the second explanation 
holds the destination of these PF"** granules is not
known. FÜller (I960) also describes and gives a 
photomicrograph of intercellular PF**" secretory materail 
in the thoracic ganglion of P. americana. It is 
interesting to note here that lb and Ic NSC of locus 1 
resemble very closely B type NSC of the thoracic 
ganglion of E. orientalis described and photomicrographed 
by Fuller (I960), but he did not find this cell type 
in the brain of either P. americana or B. orientalis.
Pipa (1961b) also does not mention the para-connectivus 
NSC in P. americana. Willey (1961), however, in 
P. americana and Blaberus craniifer, describes these 
NSC as belonging to his group 1. These para- 
connectivus or ventral NSC of locus 1 were indeed observed 
by the author in P. americana and B. orientalis before 
Willey's published work was seen. However, these NSC, 
previously undescribed in the protocerebrum of the 
latter species, are recorded here for the first time.
The 3b NSC of locus 3 are undoubtedly the asynchronous 
A-o( cells of Fuller (I960) and the asynchronous A type 
NSC of Pipa (1961). Fuller and Pipa did not describe
the 5a and 3c type of NSC in the pars intercerebralis of 
P. americana. However, Fuller's synchronous p- cells 
of A type which he described as occurring in the SOG, 
thoracic and first three abdominal ganglia and shown
J.OJ.
in his figure 12, appear to be similar to the author's 
3a synchronous NSC of locus 3#
Fuller (I960) has described small C type cells 
occurring in the ventral nerve cord ganglia though he is 
not sure whether they are neurosecretory cells. These 
C cells as figured by Fuller look similar to the 
author's 3c NSC of locus 3, though they differ in that 
the numerous PF"** granules are in the form of clumps 
in the 3c NSC whereas in Fuller's cells they are not.
The neurosecretory granules of the author's 3c NSC 
stain both with PF and CH staining procedures while 
Fuller reports that the neurosecretory granules of his C 
cells are only PF"*". However, Willey (1961) mentions the 
occurrence of small NSC (15M-) with PF"*"' granules in his 
group 3 in the median pars intercerebralis. Thus the 
author and Willey are in agreement about the occurrence 
of small NSC in locus 3#
According to Willey (1961) the giant cells of his 
group 4 possess PF**" granules in their axon-hillock, but 
he no longer regards these ceils as neurosecretory. 
However, the author, in agreement with Prescher (I960) 
and Blest (1961), does regard these cells 4a as 
neurosecretory. The author, who studied 4a NSC of
locus 4 and other NSO of this locus from embryo to adult, 
finds that starting from the 42-day embryo, PF**" or CH"** 
granules could be seen in these NSC and these cells 
show signs of synchronous cyclic secretory activity.
The author and Willey (1961) are in agreement about the 
presence of medium-sized (20-25p,) 4d NSC in locus 4, 
whose presence has not been recorded by Drescher (I960). 
The small cells (10-l$p,) lying ventral to locus 4 NSC 
were not seen to possess either PF"*" or CE"*" granules 
as noted above, and are not regarded here as secretory. 
Drescher (I960) has stated that these small cells as well 
as the larger cells in this locus, corresponding to the 
author's 4a NSC, produce thoracotrophic hormone. After 
extirpating both large NSC (4a) and the more ventral 
smaller cells Drescher found that some nymphs still 
moulted, though this was delayed. Histological 
examination revealed that some of the small cells were 
left in place and he concluded that the smaller cells, 
as well as the giant cells, produce the thoracotrophic 
hormone which activates the prothoracic glands. Drescher 
mentions neither the time of extirpation, i.e. how long 
after the preceding moult the cells were extirpated, 
nor does he take into consideration the fact that the 
abrupt removal of NSC need not necessarily stop the
moulting of an insect in which the storage of neurosecre- 
:tory material in the corpora cardiaca plays an 
important role. In fact, Johansson (1957, 1958) in 
Qncopeltus has shown that the fifth stage nymphs whose 
NSC were completely extirpated "as early as four hours 
after the preceding moult were capable of moulting".
It must be stated here that the author is unable 
to agree with the rigid classification of neurosecretory 
cells into A and B types (see Introduction), for the 
following reasons.
(a) It was not found possible to selectively 
stain cells into A and B types with 
paraldehyde fuchsin.
(b) The, neurosecretory granules in one cell 
may well stain pink, light purple, 
reddish, or dark purple at different 
stages of the secretory cycle.
(c) Phloxinophilic granules could not be 
demonstrated with CHP staining.
(d) The observations on the asynchronous 
activity of the 3b and 3c NSC of
locus 3 indicate that little significance 
can be assigned to the size of the cell 
and the amount of neurosecretory material 
present at any given time. If this is 
overlooked there is a danger that cells 
of the same type at different stages 
of activity may be thought to be of 
different types. The author's observa- 
itions on NSC in the central nervous 
system of cockroaches and a comparison 
of these with observations of other - 
workers are summarised in Table 4.
If all the cells described above are neurosecretory 
one is faced with the conclusion that a considerable 
proportion of the nerve cells in the brain of cockroaches 
are secretory. Other investigators have encountered 
the same problem. In polychaetes, Scharrer (1957) 
found that nearly half the nerve cells in the supra- 
oesophageal ganglion of Aphrodite are neurosecretory, 
while Clark (1956) has stated that neurosecretory cells 
occupy nearly three-quarters of the supraoesophageal 
ganglion, of Nephtys. Similarly in a bug, Qncopeltus, 
Johansson (1958) has found that many neurons in the 
central nervous system show secretory activity. All
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neurons have the ability to secrete but, as Johansson 
implies, the more specialized neurons either show an 
increase in secretory activity (e.g. neurons in the 
pars intercerebralis), or have lost all signs of 
neurosecretion (e.g. globuli cells and motor cells).
1 8 6 .
CONCLUSIONS
Despite the fact that cockroaches are ubiquitous 
insects and familiar and useful animals in teaching and 
research laboratories, there are a number of anatomical 
details which have not been described by the previous 
investigators. For example, the tritocerebral lobes are 
united extracerebrally, not only by the short thick 
post-oesophageal conmissure but also by a second large 
slender anterior post-oesophageal commissure. Also it 
is commonly known that the protocerebral lobes are 
connected to the corpora cardiaca (CC) by the nervi 
corporis cardiac! interni and externi (NCCI and NCCII) but, 
apart from the author, only two contemporary workers 
(Drescher, i960; Willey, 196I) have noted the presence 
of a pair of NCCIII linking the tritocerebral lobes to the 
CC. These corpora are themselves united by a dorsal 
commissure. . Anterior to this structure lie the intra- 
aortal regions and posterior to it the extra-aortal regions 
of the CC# The two corpora allata (CA) are also inter- 
: connected by an allatal commissure and, in addition to 
the NCAI which contains axons which originate in the 
protocerebrum and are incorporated in the NCC as far as 
the CC, the CA also receive fibres from the suboesophageal
ganglion in the NCAIl#
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The suhoesophageal ganglion is also in nervous connec- 
:tion with the pro thoracic glands, while a side branch of 
each NCAII also innervates these glands.
It has long been known that the brain, stornatogastric 
nervous system and retrocerebral endocrine organs are 
connected by nerves but the degree to which these elements 
are interconnected has not until recently been appreciated. 
The descriptions of these nerves given in this work are 
believed to be the most detailed which have yet been pro- 
:duced and, apart from the author, only one contemporary 
worker (Willey, I96I) has attempted such a description.
The embryonic development of the brain of the American 
cockroach has been studied in great detail and only a few 
of the more significant observations can be dealt with here. 
For example, the optic ganglion of the cockroach, like the 
rest of the brain, is formed in embryo by neuroblasts which 
divide unequally to give rise to large cells (neuroblasts) 
and small cells (ganglion mother cells). The large cells 
continue to divide unequally while each ganglion mother 
cell certainly divides (equally) to produce tv/o daughter 
cells which become ganglion cells. Sometimes dividing 
daughter cells were also observed. Thus some of the 
daughter cells may also divide before they are transformed
into the ganglion cells.
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The *intraganglionic thickening* is the formation 
centre of the optic ganglion. The other meristematic 
cells which take part in the formation of the optic 
ganglion lie in the region of the lamina ganglionaris.
The perineurium and glia cells have a common origin. 
Both are derived from cells of mesodermal origin, princi- 
: pally those of the cephalic coelomic rudiments, which 
actually invade the developing hrain.
After the forty-second day of embryonic development 
the structure of the brain is morphologically similar to 
that of the nymph and it subsequently remains essentially 
the same throughout post-embryonic life. The only changes 
which occur during post-embryonic development are a steady 
increase in the number of neurons (globuli cells of the 
corpora pedunculate, cells of the optic ganglion, cells 
in other parts of the brain) and an increase in the 
cytoplasmic volume of individual neurons. There is also 
a gradual increase in the size of the association centres 
and the: neuropile and an increase in the number of 
perineurium and glia cells.
Since, at times, neurosecretory cells show obvious 
signs of senescence, yet the number of such cells is 
maintained, there must be some centre of recruitment and
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this is thought to lie in the internal calyx of the corpus 
pedunculatum since globuli cells originating in this 
location, which have been displaced outwards by their suc- 
îcessors, appear to acquire more cytoplasm than the 
neighbouring globuli cells and to become neurosecretory 
cells.
There is no reason to suppose that neurosecretion 
starts in cockroach embryos as early as Jones (1956) suggests 
it does in locusts. The first sign of neurosecretion in 
the brain and suboesophageal ganglion, detectable by the 
ordinary light microscope in appropriately stained sections, 
occurs in the h2-day embryo. Only one phase of neuro- 
: secretion occurs during embryogenesis of P. amerIcana, in 
late embryos when the brain is fully formed and the neurons 
are well defined and resemble those of first instar nymphs. 
Median, lateral and ventral neurosecretory cells in the 
protocerebrum, first observable in the 42-day embryo, occur 
throughout nymphal development and in the adult, and show 
cyclical activity. Neurosecretory cells also occur in the 
optic ganglion, the deutocerebrum, probably in the 
tritocerebrum and circum-oesophageal connectives, frontal 
ganglion and the sub oesophageal ganglion. In fact, a 
large proportion of the neurons in the central nervous 
system (excluding the thoracic and abdominal ganglia which
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the author has not studied as yet) show signs of secretory 
activity. The activity of some types of cells is 
asynchronous while that of the others is synchronous.
The neurosecretory cells in the suboesophageal ganglion 
first seen in the 42-day embryo, occur also in nymphs and 
adults, and show cyclical secretory activity. There are 
five groups of neurosecretory cells in this ganglion, 
namely:
1. Antero-median;
2. ventro-median;
3. antero-lateral;
4. latero-lateral;
5. vent ro-1ateral
Neurosecretory material is present in the NCGI and 
NCCIX and is transmitted thereby to the CG and the UA. 
Neurosecretory material occurs for the first time in the 
CO and CA of the 42-day embryo. These glands undergo 
cyclical changes during late embryonic and post-embryonic 
development. Cyclical changes in the neuroendocrine 
system are related in the embryo to eclosion and in nymphs 
to moulting and related processes. That such a cycle 
occurs first in the embryo prior to eclosion is an indication 
that there is a physiological similarity between the 
processes of eclosion and moulting.
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The Mstological evidence indicates that the activity 
of the CA is restrained to some degree by the neurosecretory 
cells of the protocerebrum at every moult. There is also 
histological evidence of such a restraint being applied in 
the late embryo before eclosion. The rate of change of 
the CA is probably most rapid and certainly most noticeable 
at the penultimate and final moults. The CA of last 
instar nymphs and adults, killed immediately after ecdysie, 
possess abundant intercellular neurosecretory granules and 
are thought to be inactive since they are small, their 
cytoplasmic volume is low and hence the small nuclei appear 
to be concentrated or crowded together. However, after no 
more than one hour most of the neurosecretory material 
disappears from the CA and the glands now increase in size. 
The volume of cytoplasm increases ard hence the nuclei, 
which are now larger, appear to be dispersed or less concen- 
: trated. These changes are generally regarded as indicative 
of activity in the CA. The relationship between the 
neuroendocrine elements and the CA can only be shown by 
careful timing, i.e. by killing a large number of insects 
at short intervals of time before and after ecdysis. It 
must therefore, finally, be emphasized that neurosecretory 
activity and neurosecretory cycles must not be sought, or 
observed, at intervals of several days or even of one day - 
as is conmon practice - but at the minimum time intervals 
which are practical.
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